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ABSTRACT

The RESRABBUILD computer code models radionuclide release and
transport in indoor environments and performs pathway analyses to evaluate the
potential radiological dose and risk incurred by an individual who works or lives
in a building contaminated with radioactive makor housing radioactively
contaminated furniture or equipment. The code provides four geometries to
characterize a radiation source: point, line, area, and volume, in which
radionuclides are homogeneously distributed. Radionuclides contained in a source
are considered to be released to the indoor air due to various processes including
erosion (mechanically or weathering), diffusion (for tritium and radon in a volume
source), or emanation (radon in a point, line, or area source). The release can
proceedlirough different time phases with different rates. In RESHADLD
Version 4.0, a dynamic ventilation model is implemented to simulate the fate and
transport of source material particles and radionuclides after their releases. This
dynamic ventilation modeonsiders (1air exchange between rooms in the
building and between the rooms and the outdoor environmenmtegdkition from
air to floor, (3)resuspension from the floor to the air, andp@jiodical
vacuuming that reduces the floor deposition. féte and transport modeling
provides estimates of radionuclide concentrations in the source, in the air, and on
the floor at different times, which are then integrated over the exposure duration
for the calculation of radiation doses and cancer risksnglesrun of the
RESRAD-BUILD code can model a building with up to 9 rooms, 10 sources, and
10 receptors. The potential radiation dose and cancer risk incurred by each
receptor are calculated for seven exposure pathwaysxt@rmnal radiation
directly fromthe sources (accounting for shielding), €2jernal radiation from
radioactive particles deposited on the floors,ei@grnal radiation from airborne
radionuclides, (4nhalation of airborne radionuclides, (Bhalation of radon and
radon progeniesg] inadvertent ingestion of radioactive particles directly from
the source, and (gestion of radioactive particles deposited on the floors.
Various exposure scenarios can be modeled with RESBBILD, including but
are not limited to, office worker, nevation worker, decontamination worker,
building visitor, and resident. Both deterministic and probabilistic analyses can be
performed to obtain results in both text reports and graphic displays.
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1 INTRODUCTION

RESRADBUILD is part of the RESRADamily of codeghat Argonne National
Laboratory developed for the U.S. Department of Energy and the U.S. Nuclear Regulatory
Commission. The RESRAEamily of codesncludes five (5) codes that are activelyimained
and updated to run on various computer systems. These 5 codes are RESISALE,
RESRAD-OFFSITE, RESRAEBUILD, RESRAD-BIOTA, and RESRABRDD. Descriptions
of these codes and their supporting documents can be found on the RE&R#R
(https:.//resrad.evs.anl.gov). This report is Volume 1 of the RESHBADLD Userts Manual that
documents the methodology, modelsd radionuclidespecific data used in RESRABUILD
code Version 4.0volume 2 of the RESRABBUILD Useros Manual is called the Userfs Guide
for RESRADBUILD code, which describes how to use RESRBDILD codeVersion4.G; it
contains screen shots and parameter information.

1.1 OVERVIEW OF RESRAD-BUILD

The RESRABBUILD computer codenodels radionuclide release and transport in
indoor envionmens andlinks a radiation source to individual receptors at specific locations
inside a building vigpathway analyss to evaluate the potential raiondoses and cancer risk
incurred bythose receptord.he code provides fouypes ofgeomety to characterize a radiation
source: point, line, area, and volume, in which radionuclides are homogeneously distfibated.
radionuclidesin a sourcere considered toe released into the indoor due to erosion
(mechanically or weathering), diffusion (foitium and radon in a volume source), or simply
emanatior(for radon in a point, line, or area sourcH)erelease rates atecked to calculate
the remaining contamination in the source and are usaa & ventilation model to simulate
thetransporiof contaminated source particles and radionuchdésin the building from one
compartmenfroom)to anotherln addition to air exchangdetween compartments and between
the compartments and the outside environmaetatrventilation model alsaonsiders
deposition and resuspension of dust particles, floor vacuuming, as well as radiological ingrowth
and decay to quantify radionuclide concentrations in the air and on thedierthe time frame
of analysisThetime-varyingconcentrations of dionuclide in the source, in the air, and on the
floors are integrated over the exposure duratioralculate the radiation dose and cancer risk
associated with different exposure pathw&even exposure pathways are considered by
RESRAD-BUILD: (1) extenal radiation directly from the sources (accounting for shielding),
(2) external radiation from radioactive particbsposited on thioors, (3) external radiation
from airborne radionuclides, (#)halation of airborne radionuclides, (Bpalation of adon and
its progenies, (6inadvertent ingestion of radioactive particles directly from the source, and
(7) ingestion of radioactive particles deposited on the floors.

The design of RESRAIBUILD is similar to that of RESRABDNSITE and RESRAD
OFFSITE. It ncorporates a usdérendly interface foi(1) enteringdata to onstructanexposure
scenariowith appropriatenput parametevalues (2) accessing the independ®use
Conversion FactoiXCF) Editor to view and create dose and risk coefficient library be used
in dose/risk calculations, so desired(3) performing deterministiand sensitivity analysis
calculationsand viewing calculation resujtand (4) performing probabilistic calculatioasd
viewing the results generated. The interface is gaudpvith general and contespecific help



files as well as the Userés Manual includingthe Userés Guide (Volume 1 and 2 ofhis report)

that can be retrieved at any time to guide the use afaimputer codeA single run of the
RESRAD-BUILD code can modea building with up to 9 compartments (rooms), 10 sources,
and 10 receptor&ecause of the level of detail in input specifications as well gsréduisionin
mathematial formulations and solutionRESRADBUILD can be applied tovaluae radiation
doseand cancer riskssociated witbuilding occupancyresidens, office workes, and
occasional visitonsthat typically involve slow releasef the contaminantss well aswith
building decontamination and renovation (decontaminatiorremalation workes) thatcould
involve quick removal othe contamination.

Version 4.0 of RESRAEBUILD has quite a fewnodeling enhancemerasid new
features over the previously releasetsions, the majorenhancemensinclude:

1. Provision of a choicbetweenCRP-107and ICRP38radiological
transformation dataase, along with an input obit-off half-life, for use to
construct radiological decay chainadahoices of compatible dose and kis
coefficientlibrariesfor use in dose and risk calculatson

2. Modeling of complete decay chains, including braag-hndevaluating each
progeny separatelpr their contributions talirect external radiation.

3. Implementation of a new dynamic ventilation model that forgoes the steady
state assumption as used in previous versions, to conserve mass balance and
improve accuracy in the predicted radionuclide concentrations in the air and
on the floor ovetime.

4. Incremensin the number oEompartmentsroomsg in the building from 3 to
9 with allowancefor air exchange between any pair of rooms and between
anyroom and theutdoor.

5. Consideration of periodical vacuuming and its efficiency to remove floor
depo#ion of contaminatechaterials.

6. Consideration ofip to 10release phases with us#ggfined begirtime, end
time, andsource removdtaction for each phase fpoint, ling andarea
sourcesto factor into account different source removal rates and iittenn
releases.

7. Implemenation of both analytical and numerialutions taime-integration
anduse oftheanalytical solutionsto reduce calculation time whenever
feasible or peuserds choice

8. Reddining the basis fovolumesourcecoordinatesas the center of the
contaminated regigrandadding anewdirection of erosiorparameter, for
precisedetermination ofthereceptorsource distance at atiyne.

9. Generabn of output files containingtermediatecalculationresultsper
userds choice, for obtaining insights to the modeling



10. Addition of newappearancéor several input formgo facilitate input data
collection while maintaining the traditional appearance (agension3.5),
which can continueotbe used if prefrred byusers.

11. Linking the code to/ersion 33 of the DCF Editor that has an expanded
database (including air submersion dose and risk coefficientsy aqdigped
with improved interactivdelp entries.

12. Provision of contexspecific helpentries andthe Userés Manual(including
Userds Guide) in pdf formatto guide the use of the cade

13. Streamlining the selecticof DCF librariesto ensurgroper pairing of
external and internalose coefficient libraries.

The new appearancd input forms, asnentionedn item (10) above are associated with
the inputs regarding evaluation times, graphic display of saeasptor locations, detaitd air
flow, and detailof point, line, or area sourcebhe choice of using the new input farar
traditional input forms (those with Version 3.5) for data entry camddewith thefiAdvancead
menu options in the main userds interface. This choice does not affect the look of the layout of
the main interfacgehowever, itaffects the functionalitpf the codeas described in item8){i(9).
The RESRADBBUILD Userds Guide for Version 4.0 (Volume 2 of this repo)tprovides detailed
instructions ommanipulatingthe interface to complete the evaluation of an exposure scenario
with the code.

RESRADBUILD V ersion 3.5 was released before Windows 10 became available. The
compatibility issues seen with Version 3.5 have been resolved in Version 4.0.
1.2 ORGANIZATION OF MANUAL

The building geometry, sourceand receptors modeled by the code and exposure
pathways for building occupancy and building renovation scenarios are descriGéamers?
and 3of thisreport (Volume 1 of the Userds Manual). Details about the formulations in the
models and the information in the data sources are described in detail in Appendices Axhrough
of thisreport A Userfs Guide that describes the user interface is includeddlume 2 of the
Userds Manual There ae also appendices describing the different aealysat can be performed
using the code artthe verification and benchmarking of the code.

The information presented in thisportis organized as follows:
Chapter lintroduction
Chapter2: Descriptions okourcesbuildings, and receptors

1
1
1 Chapter3: Descriptions of ®posurescenarios andathways
1 Chapterd: Verification andbenchmarking

1

Chapter 5References



AppendixA: Radionuclides, dose conversion factamsd slope factors
database

AppendixB: Modeling the fate of radioactivity

AppendixC: External radiation exposure

AppendixD: Inhalation of radioactive airborne dust particles
AppendixE: Radon release model and inhalation exposure
AppendixF: Tritium release model and exposure
AppendixG: Ingestionof radioactive particulates
AppendixH: Uncertainty analysis

Appendixl: Parameter descriptions

AppendixJ: Benchmarking of RESRAIBUILD Version 4.0



2 DESCRIPTION OF BUILDINGS, SOURCES, AND RECEPTORS

The RESRABBUILD code is designed to evaluate the radiological doses to individuals
who live or work inside a building that is contaminated with radioactive material. The
contamination could be (bn the surfaces of the floors, walls, or ceiin(?)within the
building material, such as in the drywall, concrete floors, steebims, metal pipes, or wires;
and (3)accumulated inside the building, such as in the air exchange filter or drain. RESRAD
BUILD Version 4.0 can model up to nine compaetits in a building. A compartment can be
one room or several rooms on the same floor with free air exchange among the rooms. External
radiation penetrating the walls, ceilings, or floors is calculated based on user input for the
shielding material type, ttkness, and density. Internal (inhalation and ingestion) exposures are
calculated based on an air quality model that considers the air exchange between rooms and with
outdoor air.

The RESRABBUILD code can be applied to evaluate the potential exposuae of
individual standing or working outside a contaminated building by assuming that the outdoor
space is a large room (compartment) adjacent to the contaminated building. The building, source
of contamination, and receptors modeled in the RESIRAIILD codeare discussed in detail in
the following sections.

2.1 BUILDING DESCRIPTION

In the RESRADBBUILD Version 4.0 model, the building is conceptualized as a structure
composed of up to nine compartments. Air exchange is assumed betwasngtments. All
compartments can exchange air with the outdoor atmosphere. An air quality model was
developed to calculate the contaminant concentration in each compartment. A detailed
description of the air quality model is presented in AppeBdix

Exanples of typical building geometries with up to 3 rooms that can be modeled by the
RESRAD-BUILD code are illustrated in Figu1. An example of a-Boom building is shown
in Figure 22. A coordinate system is used in RESRBDILD to define the location ahe
sources and receptor points inside the building. The origin of the coordinate system can be at any
location and the axes can be in any direction. The origin, however, is usually located at the
bottomtleft corner of the lowest level, with theaxis mesuring the horizontal distance to the
right of the origin and coinciding with the bottom edge of the building (see R2gBixethe
y-axis being perpendicular to theaxis and pointing into the building; and thexs measuring
the vertical distance fro the left edge of the building.

The RESRABBUILD Version 4.0 code can model the building being cleaned
periodically. This is accomplished with vacuuming parameters for efficiency and frequency.
SeeAppendix B and Userbs Guide (Volume 2 of this report) for a more detailed discussion of the
model and parameters.
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atrium is similar to an HVAC system in that it collects and redistributes air between all rooms. Direct airflow could
also be modeled between the smaller offices
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Figure 2-3 Example of a Coordinate System Used in the RESRAD
BUILD Code

The user can specify the locations of the sources and receptors and the amount of time the
receptor spends in each compartment, so the radiological dose to the receptor can be calculated
for any type of building use, including residential, commercialpdustrial. Therefore, the
building model approach used in RESRAWILD is quite flexible.

2.2 SOURCE DESCRIPTION

The building is assumed to be contaminated with radioactive materials located at a
defined number of places within the structure of the bugldi#ach contaminated location is
considered as a distinct source, and as many ssutfes can be specified in a single run of
RESRAD-BUILD. Depending on its geometric appearance, the source can be defined as a
volume, area, line, or point source. Thdidigtions among these types of sources are rather
arbitrary and reflect the modeling objective of simplifying the overall configuration whenever
justifiable. The proper classification of each source is left to the userds best judgment. For
example, if thedistance between the receptor and a small area source is much greater (say, five
times greater) than the largest dimension of the area source, then this small area source may be
modeled as a point source.

In general, each source is initially characteriagdiefining its type, the compartment in
which it is located, and the coordinates of its ceot@ontaminationaccording to the system of
coordinates used for the building compartments (see F&3ByeThe number of different
radionuclides and theiritial concentrations are also defined for each source. Depending on the
type of the source, other geometric parameters may also be defined: the area/length, shape, and
direction of the source. For either a volume or surface source, the area can beazircular
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rectangular. The area for a circular source is defined as the surface area of the source facing the
open air. The area for a rectangular source is the product of the two lengths. Source direction is
defined as the vector perpendicular to the exposeal ahis direction should be coincident with

one of the axes (X, y, or z). For a line source, the length parameter is defined as the length of the
segment of line forming the source, and direction is given by the direction of the line itself.

Again, the diection of the line source must be coincident with an axis. For a point source,

neither the direction nor the area or length parameter is used.

Mechanical removal and erosion of the source material, when its surface is exposed to
open airmayresult in tke transport of part of its mass directly into the indoor air environment,
resulting in airborne contaminants. Because of the air exchange processes among all
compartments of the building, the airborne particulates being loaded into the indoor air of a
compartment are then transported to the indoor air of all compartments of the building.

A contaminated area in the building should be considered a volume source, if it can be
clearly represented in a thrdanensional configuration. A segment of a buildinglwal
contaminated with radioactive materials is an example of a possible volume source. The volume
source is assumed to release any particylegdsn or tritiated water vapanto the
compartment it was assigned. Currently, the releases of tritiatedamatestimated only for the
primary side. The radon releases are from both sides, but the fluxes go in the same compartment
as the source. In the RESRARJILD model, the volume source can be composed of up to five
distinct parallel regions (or layers) loedtalong the direction parallel to the partition, each
consisting of homogeneous and isotropic materials. Each layer is defined by its physical
properties, such as thickness, density, porosity, radon diffusion coefficient, radon emanation
fraction, erosiomate, and concentration of radioactive contaminats modeling releases of
tritiated water vapor, the uncontaminatedionsbetweenhereleasesurface (the face from
which emissions flow out to the indoor aamdthe ontaminatedegionneed to bedmped into
one singleegion The definition of a volume source must also identify to which compartment
the emissions flow and the directibom the center of contamination tlee releasesurface
Finally, the rate of inadvertent ingestion of loose matewirectly from the source must be
defined.

The definition of a surface source considers those cases of surface contamination in
which the thickness of the contaminated layer is considerably smaller than the affected area
exposed to open air. An exammleuld be a spill of radioactive materials over an area of
relatively large dimensions, with very little penetration of the spilled substance into the matrix of
the contaminated medium. Each surface source is associated with a set of timed removable
fractions and air release fractions and a tim#ependent direct ingestion rate. The unit of
radionuclide concentration for area sources used in RESBWBIDD is picocuries per square
meter (pCi/m) or becquerels per square meter (Bg/m

A line source can be dagd for those cases in which one dimension, such as length, is
clearly larger than any other dimension of the source. A pipe carrying radioactive materials or
the wall/floor joint edge with accumulated contaminated substances could be considered a line
saurce. The unit of radionuclide concentration for line sources is pCi/m or Bg/m.
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Contaminated locations in the building where the radioactive materials are concentrated
in regions of small dimensions (compared with the dimensions of the compartment and the
distance to the receptor) could be approximated as point sources. The unit of radionuclide
concentration for point sources is pCi or Bq.

2.3 RECEPTOR DESCRIPTION

The receptors considered in the RESRBDILD model include office worker, resident,
industrialworker, renovation worker, building visitor, or any individual spending some time
inside the contaminated building. The RESRBDILD code was designed with flexibility and
simplicity in mind, so that the model can simulate diverse exposure scenarioas siffibe
work, building cleaning and maintenance work, building renovation, building visiting, and
continuous residency. The exact location (coordinates) of the receptor is required to calculate
external exposure. The receptor location should be theomidpf the person. For example, if
the receptor is standing on a contaminated floor, the receptor location shouid ddsote the
floor. For other pathways, only the information about the room in which the receptor is located is
required by the code, base the air quality model assumes that the air is homogeneously mixed
in each compartment. To calculate the external dose, the shielding material type and its density
and thickness need to be input into the code, in addition to the receptor locationehtation
of the receptor to the source may affect the external dose. For example, when the receptor is
facing the source (anteriposterior [AP]), the external dose may be greater than it is when the
receptor is in the rotational or batikthe-source(posterioranterior [PA]) orientation. In most
situations, the receptor is moving around and is not in a fixed position facing the source.
Therefore, the external dose conversion factors (DCFs) for rotational orientation are used in the
RESRAD-BUILD code.

Up to 10 receptor points can be specified in the RESIRAILD code. The time
fraction spent at each receptor point needs to be input. The total time fraction can exceed unity.
These criteria allow RESRABUILD to evaluate total (collective) worker dosevesll as the
total individual dose in a single run of the code.
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3 DESCRIPTION OF EXPOSURE SCENARIOS AND PATHWAYS

3.1 EXPOSURE SCENARIOS

Before a contaminated building can be released for use without radiological restrictions,
the potential future usef the building must be evaluated. That potential future use of a building
depends on many factors, such as the current use, age, condition, location, and size of the
building and the extent of contamination.

The potential uses of a building are referr@ds exposure scenarios, which can be
classified into two major categories: building occupancy and building renovation. Building
occupancy scenarios include residents, office workers, industrial workers, and visitors. Building
renovation scenarios includecontamination workers, building renovation workers, and
building demolition workers. The building occupancy scenarios usually involve rathetelong
chronic exposures, whereas building renovation scenarios usually involveshoexposures.
Building decontamination and renovation activity scenarios usually result in a higher amount of
contaminant removal than do building occupancy scenarios. However, decontamination and
renovation are usually performed under controlled conditions, and contaminaé@inare
removed from the building. Therefore, the actual amount of contaminants released into the
indoor air may or may not be greater than the amount that is released under building occupancy
scenarios. The building occupancy scenarios may restiéiretease of contaminants into the
air as a result of normal use and cleaning of the building, such as washing the walls or
vacuuming the floors. Building renovation includes such activities as sanding a contaminated
floor, chipping concrete, and removinginstalling drywall.

The differences among these scenarios are associated with the exposure durations, the
amounts of contaminants, the rates at which they are released into air, and the pathways
involved. The RESRAEBUILD code is designed to model #lese exposure scenarios. If the
user inputs appropriate parameters for the exposure duratidghesardount and rate of
contaminants released into the air and selects appropriate pathways, RIBERADcan
model all scenarios. The exposure pathways censitin RESRABEBUILD code are discussed
in Section 3.2. Input template files for the building occupancy scea@@ovided in
Section3.3. If a building is demolished, the dose to workers demolishing the building can be
evaluated with the RESRABUILD code. If the demolished building material is buried, the
RESRAD-ONSITE and RESRABDFFSITE computer codes (Yuat 2001, Kambogtal.

2018, Yu et al. 2020) can be used to evaluate the dose for future use of the site. If building
material (such as steebeams) is recycled, the RESRARECYCLE code (Cheng al. 2000)
can be used to evaluate the dose to workers and the general public.

3.2 EXPOSURE PATHWAYS

External and internal exposure pathways are considered. Internal exposure includes both
inhalation and ingestion pathways. FigG& illustrates all the pathways considered in the
RESRADBUILD code:
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Radioactive Material Inside Building

Exterral exposure to penetrating radiation emittedadiyefrom the source,

External exposure to penetrating radiation emitted from radioactive
particulates deposited on the floors of the compartments,

External exposure to penetrating radiation due to submersion in airborne
radioactive particulates,

Inhalatian of airborne radioactive particulates,
Inhalation of aerosol indoor radon decay products and tritiated water vapor,

Inadvertent ingestion of radioactive material contained in removable material
directly from the source, and

Inadvertent ingestion of airboe radioactive particulates deposited on the
surfaces of the building.

»  External Exposure
Directly from the Source

Release Rate

.| Radon/Tritium o Indoor Air Concentration .| Inhalation of Indoor
> e —» of Radon/Tritium . > -
Diffusion . . of Radon Progeny/Tritium Radon Progeny/Tritium
into Indoor Air
Inhalation of Airborne
Mechanical N Release —Indoor Airborne Concentration Radioactive Dust
»| Removal of Rate of of Radionuclides
Material from Radionuclides 'y \ External Exposure
the Source into Air Resuspension Due to Air Submersion
Surface
\ Deposition External Exposure Due

to Deposited Material

Concentration of

Radionuclides in
Deposited Dust Particles Ingestion of Deposited

Radioactive Material

» | Ingestion of Removable
Radioactivity

Figure 3-1 Exposure Pathways Incorporated into the RESRAEBUILD Code

The first three pathways would result in external exposure, and the last four would result

in internal exposureue to internal contamination of the exposed individual. Other possible

exposure pathways to be considered in a radiological analysis of a contaminated building would
include internal contamination due to puncture wounds and dermal absorption of radesnuclid
deposited on the skin. However, the radiation doses caused by these two pathways would be
much smaller than the doses caused by the other potential pathways already considered for most
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radionuclides (Kennedy and Strenge 1992). Therefore, dermal pathreayst included in the
current version of RESRAIBUILD. However, the dermal absorption of tritium is considered by
increasing the inhalation dose and risk conversion factors by 50%.

3.3 INPUT DATA TEMPLATE

The NUREG/CR5512 Beyeler et al. 199%escriles a generic modeling analysis used
by the U.S Nuclear Regulatory Commission (NRf)translate radiological contamination in a
building to radiation dose for decommissioning purpo$able 31 liststhe key parameter
valuesto use if the RESRAIBUILD code is used tgsimulatethe exposures associated with the
building occupancy scenario considered in the NURERE5512documentassuming the
surface contamination exists only on the flagith an area of 36 fnand centered at (0,0,d)he
otherinput parametersot listed or mentioneshould assume eithsite-specificvaluesor be
kept at RESRAEBUILD defaults.To consider variation in input parameter valtrestcan
impact the radiatiodose, an uncertainty analys@n be conducted. Appendiprovides
detailed descriptions ®RESRAD-BUILD input parameters and thedefaultdistributions

Table3-1 Key ParameterValues for Simulating the NUREG/CR-5512Building Occupancy
Scenario

Parametel
Parameter Unit Values Remarks

Exposureduration days (d) 365.25 To match the occupancy period of 365.25 days in NUREGGER
building occupancy scenario (Beyetdral. 1999).

Indoor fraction -a 0.267 To match the 97.5 d/yr time in building in NUREG/GR12
building occupancy scenar{Beyeler et al. 1999).

Receptor location m 0,0,1 At1-m from the center of the source.

Receptor inhalation ~ m¥d 33.6  For building occupancy scenario, it matches withri3h breathing
rate rates in NUREG/CFR5512 (Beyeleetal. 1999).

Receptor indirect m?h  1.123 10* Value for the building occupancy scenario is the mean value fro
ingestion rate the distribution(Appendixl).

Source type - Area  For the building occupancy scenario, it is assumed that

contamination is only on thHeoor (i.e.,is an area source).

Direct ingestion rate 1/h (area) 3.063 10% Calculated from the default ingestion rate of 210* m?h in
NUREG/CR5512 building occupancy scenario (Beyeler et al. 1€

Air release fraction - 0.357  For the building occupancy scenario, it is the mean value from tl
parameter distribution (Appendix

Removable fraction - 0.1 10% of the contamination is removable (NUREG/&$5.2 building
occupancy scenario default).

Time for source d 10,000 Value for the building occupancy scenario is the most likely valu

removal or source from the parameter distribution (Appendl)x

lifetime

a A dash indicates that the parameter is dimensionless.
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4 VERIFICATION AND BENCHMARKING OF THE RESRAD -BUILD CODE

As part ofthe RESRAD quality assurance (QA) program, RESRBDILD has
undergone extensive review, testing, benchmarking, and verification. Many models used in the
RESRAD-BUILD code have been benchmatdkagainst other codes. For example, the external
dose models have been benchmarked against the Monte Cpaldi®le (MCNP) code
(Briesmeister 1993), and the radon model used in the RESIRADD code has been compared
with the radon model used in RESRAINSITE (Yuetal. 2001). The NRC compared the
DandD code Version 1.0 with the RESRAINSITE Versiorb.61 and RESRAEBUILD
Version 1.5 codedHaaker et al1999). A verification of RESRABBUILD Version 3.0 using
Microsoft Excel spreadsheets was conductedniersion 3.0 was released (Kamboj et al.
2001). Additional benchmarking tfie RESRADBUILD Version4.0 external exposure model
with MCNP codewas conductegand the results are presentedactiond.3 of AppendixJ. An
independent verification of theESRAD-BUILD models and parameters was also conducted
(Tetra Tech NUS, Inc. 2003). The differences between RESBBAM.D Version 3.5 and
Version 4.0 are presented in AppendiAdditional benchmarking/comparison of RESRAD
BUILD Version4.0 with the NRC Darld code and th&.S. Environmental Protection Agency
(EPA) Building Preliminary Remediation GaaBPRGQ Calculator was donend the results are
summarized in Section 4.1. More detailed results and discsss®presented in Appendix

4.1 TESTING AND V ERIFICATION PROCEDURE

Verification of the RESRAEBUILD code was conducted with an initial check of all the
input parameters for correctness. Verification of the calculations was performed external to the
RESRAD-BUILD code with Microsoft Excel to verify athe major portions of the code.

Following RESRAD QA program requirements, test cases were prepared to test the design and
performance objectives of the RESRAWILD code. All the results from these test cages
documented as a record when the codefisialty released.

4.2 COMPARISON AND BENCHMARKING

There are many modeling enhancements and new features in REBBAD
Version4.0 compared to Versid5. The major changes are:

' Modelingof all branches of the radiological decay chawth anyspecifiedlogical
cut-off half-life to reduce calculation time;

f Evaluatngindividual progeny radionuclidggor their contributions talirect external
dose and risk;

7 Implementing anew dynamic air quality model that includes up to nine
compartments (roomsnd allows periodical vacuuming to remove part of the
deposited contamination;
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1 Implementing bth numerical and analytical solutions to compute the transient
concentrations of particulates, suspended in air and deposited on tharftbor
theradionuclides attached to those particulates;

1 Addition of expanded versions for several input forms to accommodate
additional parameters;

1 Allowing up to 10 release phases for point, line, and area sources;

1 Performng time integration analyticallywhen pasible to reduce execution
time;

1 Performng time integration numericallywhen necessary, to usgpecified
convergence criteria using a larger number of time poatige still reducing
the execution time;

1 Ensuring drect source ingestiodoesnot exced thereleasedource material
available for ingestion;

1 Redefinng the basis for volume source coordinates;
1 Generangintermediate calculation results;

1 Updaing the Dose Conversion Fact@®CF) Editor to include air submersion
dose coefficients and slegactors; and

1 Streamlinng theselection of DCF and risk libraries.

RESRAD-BUILD models the removal and disposition of the material removed from the
source Version 4.thas a dynamic air quality model that considers air exclsdregeeen all
compartmerd andtheoutside to calculate air concentration and particulates deposited in each
compartment. The dynamic air quality model includes resuspension of the deposited
contamination taheair andperiodical vacuuming to remove part of the deposited contdiom
from thefloor, andit allows consideation ofup to 10 release phases with different source
removal rates for each phase (see Appendi¥Bjsion 3.5 implements a pseudo steathte air
guality model A detailed comparison dheradionuclide concentrations calculated with
RSERADBUILD 4.0 and 3.5s presented irfsectiond.1 of AppendixJ.

The NRC DandD cod@McFadden et al. 200Bnd the PA BPRG Calculato(EPA
2019)are designed to evaluate building contamination with radionuckddstailed comparison
of RESRADBUILD 4.0, DandD and BPRG@s presented in AppendiX The comparison of the
methodologies and featurekthese three codessummarized below.

The DandD codaleveloped by Sandia National Laboratories for the Nf®@Gverts
contamination levels in a building tbhe annual dose for building occupancy and residential
scenarios (McFadden et al. 2001). The building occupancyrszeoanputeghe yearly average
dose from surface contamination in buildings for light industrial use. The exposure starts
immediately after release of the buildiftg occupancyThe building occupancy scenario
considers direct external exposure from acefsources, exposure by breathing indoor air
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contaminated by resuspension of radionuclides from surface contamination, and inadvertent
ingestion of surface contamination.

The BPRG Calculatodeveloped by EPA (EPA 20),is used to calculatieuilding
prdiminary remediation goals (BPRG) for radionuclides in buildings for resident and indoor
worker exposureThe BPRG Calculator estimates radionuclide concentrations in dust settled on
surfaces, radionuclide concentrationsheair inside the building, andirect external exposure
from radionuclide concentrations on six surfaces/inside walls of different room sizes that are
protective of humans over a lifetime for a selected risk level. The Calculator does not consider
any relationship betwedhe concentrédon depositen surfaces witthe concentration in the
air inside the building (i.e., no air model or deposition model). The Calculator has three options
for calculating BPRGs: 1) assumes secular equilibrium throughout the chain (no decay) (default
assunption), 2) does not assume secular equilibribatprovides results for progeny throughout
chain (with decay); and 3) does not assume secular equilibainoino progeny included.
Similar equations are used for both resident and indoor worker exposuos|yrdifference is in
the parameters used. If media concentrations are input in the BPRG Calculator for dust, air, soil,
and ground plane, it also calculates risk from dust settled on surfaces, ambient air concentration,
and direct external exposure. Fstimating radionuclide concentrations in air inside the building
atatarget risk leveltheBPRG Calculator considers two exposure routes: inhalation and air
submersion. For estimating radionuclide surface or volumetric concentrations inside the buildin
atatarget risk levelthe BPRG Calculator considers direct external exposure from surface or
volumetric contamination. It assumes all six inside sides of the building (walls, floor, and
ceiling) are uniformly contaminated. The room surface factor axtsdar the exposure to
multiple contaminated surfaces of different finite sizes (length, width, depth, material) compared
to infinite size. Tabl€-2 in AppendixJ compareshe mainfeatures and options in RESRAD
BUILD Version 4.0theBPRGCalculator, and DandD.
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APPENDIX A:

RADIONUCLIDE TRANSFORMATION DATABASE
AND DOSE AND RISK COEFFICIENT LIBRARIES

This appendix discusséseradionuclidetransformation databasand thedoseand risk
coefficient libraries used he RESRADBBUILD code Version 4.0, for the calculations of
radiological dose and cancer rigkhe radionuclide transformation data frémernational
Commission on Radiation Protection Publicati@Y (ICRP-107) and frominternational
Commission on Radiation Protection Publicats8(CRP-38) are in two plain text fledCRP-
07.NDXandNewlICRP38.idx The standard libraries of dose and gskfficients are in two
corresponding database filddaster_dcf ICRPO7.mdandMaster_dcf 2k.mdbwhich are
installed in the same directory as the Dose Conversion Factor (DCF) Editor during installation
These librarieganbe viewed or be used as thesisdor creating custom libraries using the
DCF Editor. The transformation data is not accessible in the DCF Editor as they are not to
be modified.

A.1 RADIONUCLIDE TRANSFORMATION DATABASE IN RESRAD -BUILD

RESRADBUILD performs pathway analyses to calcelgbtential radiation dose and
cancer risk a receptoould incur fromspendingime inside a building contaminated with
radioactive materials,e., radiation sources. The potential radiation dose and cancer risk are
calculated for exposures incurredla turrent time as well as at future times. The projection of
radiation dose and cancer risk at a future time factor into account the presence of progenies of
the initial radionuclides due to radiological transformation, thenmetlydingthe dose/risk
cortributions from the progenies. The radionuclide transformation data in the International
Commission on Radiation Protection Publication 38 (IERP(ICRP 1983)andInternational
Commission on Radiation Protection Publicati®Y (ICRP-107) (ICRP 2008)an beusedto
establish the decay chains and to calcutseadioactivity of progenies over time.

To simplify the calculations concerning ingrowth of progenies, radionuclides are
categorized as fiprincipalo or Aassociatedd nuclides depending on their radiological decay half
life, compared with a cuff value. Radionuclides with a hdlfe greater than the cuff value
are called principal nuclides. When principal nuclides are involved in the decay of an initially
present radionuclide, threactivities and dose/risk contributions over time are separately tracked
and calculated. Radionuclides with a Hél shorter tharor equal tahe cutoff value are called
associated nuclides. When associated nuclides are involved in the decay wélgnpgresent
radionuclide, they are assumed to have the same activity, i.e., in secular equilibrium, as the
preceding principal nuclidd-or internal exposurgthe dose/risk contributiorisom associated
nuclidesare not separately tracked and calcuatather, their contributions are included in the
dose/risk calculated for the preceding principal nuclide. In terms of designation, the suffix i+Do
is added to the name of a principal nuciidéhis manualwhose calculated dose/risk includes
contributians from its associated progenies. In practice, the doses/risks for +D principal nuclides
are calculatedsingthe sum of théranch fraction weightedose/risk coefficients of the
principal nuclide itself and its associated progenié& user has the opt to specify angut
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off half-life in the code. Only radionuclides with a k&fé greater than the selectedt-off half-
life can be choseas initially presentor the dose/risk calculations.

ThelCRP-38 databas€ICRP 1983)ontainsradiological tranformationdata for
838radionuclidesand ICRP107 databas@CRP 2008)ontains radiological transformation data
for 1252 radionuclideBased on the selected radiological transformation database and the input
cut-off half-life, the RESRADBBUILD code will list all the principal radionuclides for inclusion
in a radiation sourcény of thelistedradionuclides can be selected for dose/risk calculations

Table A1 (1% column)lists the principal radionuclides that can be specified as initially
present in a radiation sourcethe RESRABBUILD Version 4.Q when a cubff half-life of
30daysand thd CRP-38 transformatiordatabasare selectedColumn 3 lists the shefived
progenies that are associated with each principal nuclide in colamhtheir branch fractions
their decay haffives are <30 days. The stable nuclide(s)/principal radionuclide that each
principal nuclide in column 1 is considered to decay to is listed! zoumn.

TableA-2 lists princi@l radionuclides with halfife of at least 30 days with their
associated radionuclides when IGR®7 database is used.

Table A-1 Principal and Associated Radionuclidewnith a Cut-off Half-life of at Least 30Days from
ICRP-38 Database

Terminal Nuclide or Progeny
Principal Radionuclide PrincipalRadionuclidé
Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
(Th-227 9.8620ED1), Ra223,
Rn219, Pe215, Ph211, Bi211,
Ac-227+D 2.18E+01 (TI-207 9.97208D1), (P6211 Pb-207 *
2.8000E03), (FF223 1.3800ED2)
Ag-105 1.12E01 3¢ Pd-105 *
Ag-108m+D | 1.27E+02 | (Ag-108 8.9000ED2) Pd108, Cd108 *
Ag-110m+D 6.84E01 | (Ag-110 1.3300ED2) Cd110, Pd110 *
Al-26 7.16E+05 | & Mg-26 *
Am-241 4.32E+02 | & Np-237 2.14E+06
Am-242m+D 1 52E+02 (Am-242 0.9952), (Ny238 0.0048)| Cm-242 4.46E01 8.23E01
' Pu-238 8.77E+01 | 1.78E01
Am-243+D 7.38E+03 | Np-239 Pu-239 2.41E+04
Ar-37 9.59E02 | & Cl-37 *
Ar-39 2.69E+2 | & K-39 *
As-73 220E01 | & Ge73 *
Au-195 5.01E01 | & Pt195 *
Ba133 1.07E+01 | & Cs133 *
Be-10 1.60E+06 | & B-10 *
Be-7 146E01 | & Li-7 *
Bi-207 3.80E+01 | & Pb-207 *
Bi-210m+D 3.00E+06 | TI-206 Pb-206 *
Bk-247 1.38E+03 | & Am-243m+D 7.38E+03
SF 4.70E10
Cm-245 8.50E+03 | 1.45E05
Bk-249+D 8.76E01 | (Am-245 1.45E5) Ci.249 3 51402
SF 5.20E09




Table A-1 (Cont.)

Principal Radionuclide

Terminal Nuclide or Progeny

PrincipalRadionuclidé

Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
C-14 5.73E+03 | & N-14 *
Cadl 1.40E+05 | & K-41 *
Cad5 4.46E01 | & Sc45 *
Cd-109 127E+00 | & Ag-109 *
Cd113 9.30E+15 | & In-113 *
Cd113m 136E+01 | & In-113 *
Cd115m 122601 | & In-115 5.10E+15
Ce 139 3.77601 | & La-139 *
Cel41l 8.00E02 | & Pr141 *
Ce144+D 778601 | (Pr144m 0.0178), P144 Nd-144 *
SF 2.90E05
Ci-248 9.13E01 | & Cm-244 1.81E+01 | 1.00E+00
SF 5.20E09
Ci-249 351E+02 | & Cm245 8.50E+03 | 1.00E+00
SF 7.70E04
Ci-250 131E+01 | & Cm246 4.73E+03 | 9.99E01
Cf-251 8.98E+02 | & Cm247+D 1.56E+07
SF 3.09E02
Ci-252 264E+00 | S Cm248 3.39E+05 | 9.69E01
SF 0.9969
Ci-254 166801 | & Cm250 6.90E+03 | 0.0031
CI-36 3.01E+05 | & Ar-36, 536 *
Am-241 4.32E+02 | 9.90E01
Cm-241 B.98E02 | O Pu237 1.24E01 | 1.00E02
SF 6.80E08
Cm-242 446801 | S PL238 8.77E+01 | 1.00E+00
Am-243 7.38E+03 | 2.40E03
Cm-243 2.85E+01 | S PU239 2.41E+04 | 9.98E01
SE 1.35E06
Cm-244 181E+01 | & Pu240 6.54E+03 | 1.00E+00
Cm-245 8.50E+03 | & Pu241 1.44E+01 | 1.00E+00
SF 2.61E04
Cm-246 4.73E+03 | & Pu242 3.76E+05 | 1.00E+00
Cm247+D | 1.56E+07 | Pu-243 Am-243+D 7.38E+03
SF 8.26E02
Cm-248 3.39E+05 | & Pu244 8.26E+07 | 9.17E01
PU-246 0.25), (Ar246 0.25) SF 0.61
Cm-250 6.9E+03 EBLkJ-250 01n) 22), Cm-246 4.73E+03 | 025
: Cf-250 0.14
Co56 216801 | & Fe56 *
Co57 742601 | & Feb57 *
Co58 194601 | & Feb8 *
Co-60 5.27E+00 | & Ni-60 *
Cs134 2.06E+00 | & Ba134, Xe134 *
Cs135 2.30E+06 | & Ba135 *
Cs137+D 3.00E+01 | (Ba-137m 0.946) Ba137 *
Dy-159 3.05601 | & Tb-159 *
Es254+D 755601 | Bk250 Cf-250 1.31E+01 | 1.00E+00
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Table A-1 (Cont.)

Principal Radionuclide

Terminal Nuclide or Progeny
PrincipalRadionuclidé

Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
Sm148 *
Eu-148 149801 | S Pm144 9.94E01 | 9.40E09
Eu-149 255601 | & Sm149 *
Eu-150b 3.42E+01 | & Sm150 *
Sm152 * 7.21E01
Er152 1.338+01 | & Gd 152 1.08E+14 | 2.79E01
Gd154, .
Eu-154 8.80E+00 | & c1ed
Eu155 4.96E+00 | & Gd-155 *
Fe55 2.70E+00 | & Mn-55 *
Fe59 122601 | & Co59 *
Ni-60 * 2.50E03
Fe-60+D 1.00E+05 | Co-60m Co60 527E+00 | 9 98E01L
Cf-253, (Es253 9.9690ED1), SF 8.67E08
Fm-257+D | 2.75E01 (Cm—249( 3.10008D3) : Bk-249 1.00E+00
Gd 146+D 132601 | Ew146 Sm146 1.03E+08
Gd148 9.30E+01 | & Sm144 *
Eu151 *
Gd-151 3.29E01 | & Smid7 500500
Gd152 1.08E+14 | & Sm148 *
Gd153 6.63E01 | & Eu153 *
Ge68+D 7.89E01 | Ga68 Zn-68 *
H-3 1.24E+01 | & He3 *
Hf-172+D 1.87E+00 | Lu-172 Yb-172 *
Hf-175 192601 | & Lu-175 *
Hf-178m 3.10E+01 | & Hf-178 *
Hf-181 1.16E01 | & Ta181 *
Hf-182 9.00E+06 | & Ta182 3.15E01
Hg-194+D 2.60E+02 | Au-194 Pt194 *
Hg-203 128601 | & TI-203 *
Ho-166m 1.20E+03 | & Er-166 *
1-125 165601 | & Te125 *
1-129 157E+07 | & Xe-129 *
In-114m+D | 1.36E01 | (In-114 0.957) Cd-114, Sr1l4 *
In-115 5.10E+15 | & Sn115 *
Ir-192 2.03601 | & 0s192, Pt192 *
Ir-192m 2.41E+02 | & Ir-192 2.03E01
Ir-194m 468E0L | & Pt194 *
K-40 1.28E+09 | & Ca40, Ar-40 *
Kr-81 2.10E+05 | & Br-81 *
Kr-85 1072 | & Rb-85 *
La-137 6.00E+04 | & Ba137 *
La-138 1.35E+11 | & Ba-138, Cel3s *
Lu-173 1.37E+00 | & Yb-173 *
Lu-174 3.31E+00 | & Yb-174 *
Yb-174 * 7.00E03
Lu-174m 3.89E01 | & Lu-174 3.31E+00 | 9.93E01
Lu-176 3.60E+10 | & Hf-176 *
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Table A-1 (Cont.)

Principal Radionuclide

Terminal Nuclide or Progeny

PrincipalRadionuclidé

Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
Lu-177m+D | 4.41E01 | (Lu-177 0.21) Hi177 =
Md-258 1.51E01 Es254 755601 | L.OOE+00
Mn-53 3.70E+06 | & Cr-53 .
Mn-54 856E01 | & Cr-54 .
Mo0-93 3.50E+03 | & ND-93 .
Na22 2.60E+00 | & Ne22 .
Nb-93m 1.36E+01 | & ND-93 .
Nb-94 2.03E+04 | & Mo-94 .
ND-95 962802 | & Mo-95 .
Ni-59 750E+04 | & Co59 *
Ni-63 9.60E+01 | & Cu63 *
U-235 7.04E+08 | 1.0OE+00
Np-235 108E+00 | & Pa231 3.28E+04 | 1.40E05
U-236 9.11E01
Np-236a 115E+05 | & PU236 2.85E+00 | 8.90E02
Np-237+D | 2.14E+06 | Pa233 U-233 1.59E+05
05185 257801 | & Re185 .
0s194+D | 6.00E+00 | Ir-194 PL194 .
Pa23l 3.28E+04 | & AC-227+D 2.18E+01
Pb-202+D 3.00E+05 | T1-202 Hg-202 =
Pb-205 1.43E+07 | & TI-205 .
Pb210+D 2.23E+01 | Bi-210 P0210 3.79E01
P4107 6.50E+06 | & Ag-107 *
Pm143 726801 | & Nc-143 .
P 144 9.04E01 | & Nd-144 .
P145 1.77E+01 | & Nd-145 .
Nd-146 . 6.41E01
Pm146 .53E+00 | & Sm146 1.03E+08 | 3.59E01
Pmi147 2.62E+00 | & Sm147 1.06E+11
Pm148m+D | 1.13E01 | (Pm148 0.046) Sm148 .
Pb-205 1.43E+07 | 0.9974
Po-209 1.02E+02 | & Bi-209 " 0.0026
P0210 379801 | & Pb-206 .
Pt193 5.00E+01 | & Ir-193 .
SF 8.10E10
PL-236 2.85E+00 | & U-232 7.20E+01 | 1.0OE+00
Np-237+D 2.14E+06 | 1.00E+00
Pu237 124r01 | & U-233 1.59E+05 | 5.00E05
SF 1.84E09
PL-238 8.77E+01 | B U-234 2.45E+05 | 1.00E+00
PU239 241E+04 | & U-235 7.04E+08
SF 4.95E08
P1-240 6.54E+03 | & U-236 2.34E+07 | 1.00E+00
Am-241 4.32E+02 | 1.0OE+00
PU241+D 1.44E+01 | (U-237 0.0000245) Np237 TRy
SF 5.50E06
Pu242 3.76E+05 | & U-238 4.47E+09 | 1.00E+00
PU244+D 8.26E+07 | (U-240 0.9988), (Nf240m 0.9988) SF 1.25E03
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Table A-1 (Cont.)

Principal Radionuclide

Terminal Nuclide or Progeny

PrincipalRadionuclidé

Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
Pu240 6.54E+03 | 9.99E01
Rn-222,Pe218, (Ph214 9.9980E
Ra226+D | 160E+03 ?#é??;éb%%%, 9()3-928108831)' Pb-210 2.23E+01
2.0000E04)
R&228+D 5.75E+00 | Ac-228 Th-228+D 1.91E+00
Rb-83+D 2.36E01 | (Kr-83m 0.76199) Kr-83 *
Rb-84 8.97E02 | & Sr-84, Kr-84 *
Rb-87 4.70E+10 | & Sr-87 *
Re184 104E01 | & W-184 *
W-184 * 2.53E01
Re-184m 452801 | & Re184 1.04E01 | 7.47E01
Re186m+D | 2.00E+05 | Re186 W-186, Os186 *
Re187 5.00E+10 | & Os 187 *
Rh-101 3.20E+00 | & Ru-101 *
Rh-102 2.90E+00 | & Ru-102 *
Ru-102, Pd102 * 9.50E01
Riv102m 567801 | S RI102 2.90E+00 | 5.00E02
Ru-103+D 1.08E01 | (Rh-103m 0.997) RI-103 *
RU-106+D 1.01E+00 | Rh-106 Pd106 *
S35 2.39E01 | & CI-35 *
Sb124 165601 | & Te124 *
Te125 * 7.72E01
Sb125 2778+00 | S Te-125m 159E01 | 2.28E01
Sc46 2.30E01 | & Ti-46 *
Se75 3.28E01 | & As-75 *
Se79 6.50E+04 | & Br-79 *
Si-32+D 4.50E+02 | P-32 532 *
Sm145 9.31E01 | & Pm 145 1.77E+01
Sm146 1.03E+08 | & Nd-142 *
Sm147 1.06E+11 | & Nd-143 *
Sm151 9.00E+01 | & Eu151 *
Sn113+D 3.15601 | In-113m In-113 *
Sn119m 8.02E01 | & Sn119 *
Sn121m+D | 5.50E+01 | (Sn121 0.776) Sb121 *
Sn123 3.54E01 | & Sb123 *
Sn126+D 1.00E+05 | Sb126m, (Sb1260.14) Te126 *
Sr-85 17801 | & Rb-85 *
Sr-89 138801 | & Y-89 *
Sr-90+D 2.91E+01 | Y-90 Zr-90 *
Ta179 1.82E+00 | & Hf-179 *
Ta180 1.00E+13 | & W-180 *
Ta182 3.15601 | & W-182 *
Th-157 1.50E+02 | & Gd157 *
Th-158 1.50E+02 | & Gd-158, Dy158 *
Th-160 198601 | & Dy-160 *
Tc-95m+D 167601 | (Tc-95 0.04) Mo-95 *
Tc-97 2.60E+06 | & Mo-97 *
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Table A-1 (Cont.)

Principal Radionuclide

Terminal Nuclide or Progeny
PrincipalRadionuclidé

Species Half-life (yr) Associated Decay Chdin Species Half-life (yr) | Fraction
Tc-97m 2.38E01 o Tc-97 2.60E+06
Tc-98 4.20E+06 | O Ru-98 *
Tc-99 2.13E+05 | O Ru-99 *
Tel21m+D | 4.22E01 | (Te-121 0.886) Sb121 *
Te-123 1.00E+13 | O Sh123 *
Te-123m 3.28E01 o Te-123 1.00E+13
Te-125m 1.59E01 o Te-125 *
Te127m+D | 2.98E01 | (Te-127 0.976) 1-127 *
Te129m+D | 9.20E02 [ (Te-129 065) 1-129 1.57E+07

Ra224, Rr220, Pe216, Ph212,
Th-228+D 1.91E+00 | Bi-212, (Pe212 0.6407), (FR08 | Pb208 :

0.3593)

Ra225,Ac-225, Fr221, At217,
Th-229+D 7.34E+03 | Bi-213, (Pe213 0.9784), (FR09 Bi-209 *

0.0216), PE209
Th-230 7.70E+04 | © Ra226+D 1.60E+03
Th-232 1.41E+10 | O Ra?228+D 5.75E+00
Ti-44+D 4.73E+01 | Sc44 Ca44 *
TI-204 3.78E+00 | & Pb-204, Hg204 *
Tm-170 3.52E01 o Er-170, Yb170 *
Tm-171 1.92E+00 | & Yb-171 *
U-232 7.20E+01 | O Th-228+D 1.91E+00
U-233 1.59E+05 | O Th-229+D 7.34E+03
U-234 2.45E+05 | © Th-230 7.70E+04
U-235+D 7.04E+08 | Th-231 Pa231 3.28E+04
U-236 2.34E+07 | O Th-232 1.41E+10

Th-234, (Pa234m 0.998), (P234 | SF 5.40E05
U-238+D 447TB+09 | 0033) U-234 2 45E+05
V-49 9.04E01 o Ti-49 *
W-181 3.32E01 o Ta181 *
W-185 2.06E01 o Re-185 *
W-188+D 1.90E01 Re-188 0Os188 *
Xe-127 9.9685E02 | & 1-127 *
Y-88 2.92E01 o Sr-88 *
Y-91 1.60E01 o Zr-91 *
Yb-169 8.76E02 o Tm-169 *
Zn-65 6.68E01 o Cu-65 *
Zr-88 2.28E01 o Y-88 2.92E01
Zr-93 1.53E+06 | © Nb-93m 1.36E+01
Zr-95+D 1.75E01 (Nb-95m 0.007) Nb-95 9.62E02

a2 Radionuclides with halfives greatethan 30 days. If shetived progeny are involved, the +D symbol is add
along with the radionuclide name (e.g.,-227+D).

b The associated progeny with hiilfes shorter than 30 days are listed. If a branching fraction is anything o

than 1, it isisted along with the radionuclide in the bracket.

¢ The principal radionuclide or stable nuclide that terminates an associated decay chain. Stable nuclides
indicated by an asterisk (*) in place of the Hd#. If a radionuclide has spontaneous fissiib is indicated by
SF. If the branching fraction is anything other than 1, the fraction is listed.

4 Indicates there is no associated radionuclide.
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
SF 7.70E04
Ci-250 1.31E+01 (S Cm246 4.76E+03 | 9.99E01
Cf-251 9.00E+02 | & Cm247 1.56E+07
SF 3.09E02
Ci-252 2.65E+00 | S Cm248 3.48E+05 | 9.69E01
SF 9.97E01
Ci-254 1.66E01 | S Cm 250 8.30E+03 | 3.10E03
Cl-36 3.01E405 | & SAg'SG' S *
Cm241 3 Am-241 432E+02 | 9.90E01
8.98E02 Pu237 124501 | 1.00E02
SF 6.37E08
Cm-242 446E01 | & PL238 8.77E+01 | 1.00E+00
Am-243 7.37E+03 | 2.40E03
Cm-243 291E+01 | S Pu239 2.41E+04 | 9.98E01
SF 1.37E06
Cm-244 1.81E+01 (S PU240 6.56E+03 | 1.00E+00
SF 6.10E09
Cm-245 8.50E+03 | & Pu241 1.44E+01 | 1.00E+00
SF 2.63E04
Cm-246 4.76E+03 | & Pu242 3.75E+05 | 1.00E+00
Cm247+D 156E+07 | Pu243 Am-243 7.37E+03 | 1.0OE+00
SF 8.39E02
Cm-248 348E+05 | S PU244 8.00E+07 | 9.16E01
SF 7.40E01
Cm250+D | 8.30E+03 (223%4882'18)’ (Am246m 0.18), (Bk "5 555 1.31E+01 | 8.00E02
: Cm246 4.76E+03 | 1.80E01
Co56 211801 | & Fe56 *
Co57 74401 | & Fe57 >
Co58 194501 | & Fe58 >
Co60 527E+00 | & Ni-60 >
Ba134, .
Cs134 2.07E+00 | & o
Cs135 230E+06 | & Ba135 *
Cs137+D 3.02E+01 | (Ba137m 9.4399801) Ba137 *
Dy-154 3.00E+06 | & G150 1.79E+06 | 1.00E+00
Dy-159 305601 | & Tb-159 *
SF 3.00E08
Es254+D 7.55E01 (1':85(2)8& +16(7)§’90E06)' (Bk250 SF 1.03E09
: Cf-250 13.08 | 1.00E+00
SF 4.52E05
Es255+D 1.09E01 | (Fm-255 0.92), (Bk251 008) SF 2.30E07
Cf-251 9.00E+02 | L.OOE+00
Sm148 7.00E+15 | 1.00E+00
Eu-148 149801 | & Pm-144 9.04E01 | 9.40E09
Eur149 255801 | & Sm149 *
Ewr150 3.69E+01 | & Sm150 *
Sm152 > 721801
Eu-152 1.35E+01 (& G152 1.08E+14 | 2.79E01
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
Gd-154, R
Eu-154 8.59E+00 | & Sm154
Eu-155 4 76E+00 | O Gd-155 *
Fe55 2.74E+00 | O Mn-55 *
Fe59 1.22E01 o Co-59 *
Fe60+D Co-60m Ni-60 * 2.40E03
1.50E+06 Co60 5.27E+00 | 9.98E01
SF 2.10E03
Fm-257+D 275601 Eg];fgigodggggi’) (B2530.9948),  oF 7.96E08
) Bk-249 9.04E01 9.98E01
Gd-146+D 1.32E01 Eu-146 Sm146 1.03E+08
Gd-148 7.46E+01 | O Sm144 *
Gd-150 1.79E+06 | © Sm146 1.03E+08 | 1.00E+00
Eu-151 * 1.00E+00
Ga-151 340801 S Sm147 1.06E+11 1.00E08
Gd-152 1.08E+14 | O Sm148 7.00E+15
Gd-153 6.58E01 o Eu153 *
Ge68+D 7.42E01 Ga68 Zn-68 *
H-3 1.23E+01 o He-3 *
Hf-172+D 1.87E+00 | Lu-172m Lul72 Yb-172 *
Hf-174 2.00E+15 | O Yb-170 *
Hf-175 1.92E01 o Lu-175 *
Hf-178m 3.10E+01 | & Hf-178 *
Hf-181 1.16E01 o Ta181 *
Hf-182 9.00E+06 | O Ta182 3.13E01
Hg-194+D 4 40E+02 | Au-194 Pt194 *
Hg-203 1.28E01 o TI-203 *
Ho-163 457E+03 | & Dy-163 *
Ho-166m 1.20E+03 | © Er-166 *
1-125 1.63E01 o Te-125 *
1-129 1.57E+07 | O Xe-129 *
Cd-114, R
In-114m+D 1.36E01 (In-114 09679 Sn114
In-115 441E+14 | O Snl115 *
0s192, *
Ir-192 2.02E01 o PE192
Ir-192n 241E+02 | © Ir-192 2.02E01
Ir-194m 4.68E01 o Pt194 *
K-40 1.25E+09 | & fgf 40, Ar *
Kr-81 2.29E+05 | O Br-81 *
Kr-85 1.0756E+01 | © Rb-85 *
La-137 6.00E+04 | O Ba-137 *
Ba-138, .
La-138 1.02E+11 | © Ce138
Lu-173 1.37E+00 | © Yb-173 *
Lu-174 3.31E+00 | O Yb-174 *
Lu-174m o Yb-174 * 6.20E03
3.89E01 Lu-174 3.31E+00 9.94E01
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
Lu-176 3.85E+10 | & Hi-176 * *
Lu-177m+D | 4.39E01 | (Lu-177 2.17008D1) Hi-177 *
Mn-53 3.70E+06 | & Cr53 *
Mn-54 8.55E01 | & gf"” Fe *
Nb-93 * 1.20E01
Mo-93 4.00E+03 | & Nb-93m | 1.61E+01 | 8.80E01
Na22 2.60E+00 | & Ne-22 *
Nb-91 6.80E+02 | & Zr-91 *
Zr-91 * 3.40E02
Nb-91m 1.67801 | & Nb-O1 6.80E+02 | 9.66E01
ND-92 3.47E+07 | & 7r-92 *
Nb-93m 161E+01 | & Nb-93 *
Nb-94 2.03E+04 | & Mo-94 *
Nb-95 958602 | & Mo-95 *
Nd-144 229E+15 | & Ce140 *
Ni-59 1.01E+05 | & Co-59 *
Ni-63 1.00E+02 | & Cu63 *
Pa231 3.28E+04 | 2.60E05
Np-235+D 1.08E+00 | (U-235m 3.993483) e S ros T Eo0E00
U-236 2.34E+07 | 8.73801
PU236 2.86E+00 | 1.25801
Np-236+D 1.54E+05 | (Pa232 1.6E3) e e
U-232 6.89E+01 | 1.60E03
Np-237+D 2 14E+06 | Pa233 U-233 1.50E+05
0s185 256E01 | & Re185 *
05186 2.00E+15 | & W-182 *
0s194+D 6.00E+00 | Ir-194 PE194 *
Pa231 3.28E+04 | & Ac-227 2.18E+01
Pb-202+D 5.25E+04 | (T1-202 9.90008D1) Hg-202 *
Pb-205 153E+07 | & T-205 *
Pb210+D 2.22E+01 535%%0(89206 1.9808), (TF206 | b1 3.79E01 | 1.00E+00
P3107 6.50E106 | & Ag-107 *
Pm143 726801 | & Nd-143 *
Pm144 9.94E01 | & Nd-144 2 29E+15
Pm145 1.77E+01 | & Nd-145 *
Nd-146 *
PM-146 5.53E+00 | & 14 T G3E 08
Pm147 262E+00 | & Sm147 1.06E+11
Pm148m+D | 113501 | (Pm148 4.2000ED2) Sm148 7.00E+15
Pb-204 *
P0-208 2.90E+00 | & Bi-208 3.68E+05 | 2.23E05
Pb-205 153E+07 | 9.95801
Po-209 1.02E+02 | & Bi-209 " 4.80E03
P0210 379801 | & Pb-206 *
P190 6.50E+11 | & 05186 2.00E+15 | 1.0OE+00
Pt193 5.00E+01 | & Ir-193 *
PU236 2.86E+00 | & SF 1.37609
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
U-232 6.80E+01 | 1.00E+00
Np-237 2.14E+06 | 1.00E+00
Pu237 124801 | & U-233 1.59E+05 | 4.20E05
SF 1.85E09
PL-238 8.77E+01 | & U-234 2.46E+05 | 1.00E+00
Pu239+D 2.41E+04 | (U-235m 9.9940801) U-235 7.04E+08
SF 5.75E08
PL-240 6.56E+03 | & U-236 2.34E+07 | L.OOE+00
Am-241 4.32E+02 | 1.00E+00
Pu-241+D 1.44E+01 | (U-237 2.45E05) Np-237 S 1aE+06 |3 45008
SF 5.54E06
Pu242 3.75E+05 | © U-238 4.47E+09 | 1.00E+00
U-240, Np240m, (Np240 1.1000E | SF 1.21E03
Pu244+D 8.00E+07 | 53 Pu240 6.56E+03 | 9.99E01
Rn-222, Pe218, (Pb214 9.9980E
01), (Bi214 1.0E+00), (PQ14
Ra226+D LEOE+03 | g 0r0r0m), (Th210 2.1604) (Ae | PP210 2.22E+01 | 1.00E+00
218 2.0E04), (Rn218 2.0E07)
Ra228+D 5.75E+00 | Ac-228 Th-228 1.91E+00
Rb-83+D 236E01 | (Kr-83m7.4292E01) Kr-83 *
Rb-84 897E02 | & or 84 K *
Rb-87 4.92E+10 | & Sr-87 *
Re183 192601 | & W-183 *
Re 184 104601 | & W-184 *
W-184 * 2.46E01
Re-184m 463E01 | & Re 184 1.04E01 | 7.54E01
W-186 * 7.47E02
Re186m+D | 2.00E+05 | Re186 D186 SO0+ Ts | 925001
Re 187 4.12E+10 | & Os187 *
Rh-101 3.30E+00 | & RU-101 *
RU-102, .
Rh-102 5.67E01 | & P09
RU-102 * 9.98E01
Rh-102m 3.74E+00 | & Rh-102 567601 | 2.33E03
RU-103+D 1.08E01 | (Rh-103m0.989 Rh-103 *
RU-106+D 1.02E+00 | Rh-106 Pd106 *
S35 240E01 | & CI-35 *
Sb-124 165601 | & Te124 *
Te 125 * 7.69E01
Sb125 2.76E+00 | & Te-125m 157601 | 2.31E01
Sc46 220E01 | & Ti-46 *
Se75 3.28E01 | & As-75 *
Se79 2.95E+05 | & Br-79 *
Si32+D 1.32E+02 | P-32 S32 *
Sm145 931E01 | & Pm145 1.77E+01
Sm146 1.03E+08 | & Nd-142 *
Sm147 1.06E+11 | & Nd-143 *
Sm148 7.00E+15 | & Nd-144 2.29E+15
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
Sm151 9.00E+01 | & Eu-151 *
Sn113+D 3.15E01 In-113m In-113 *
Sn119m 8.03E01 (o) Sn119 *
Sn121m+D 4.39E+01 | (Sn121 7.7600E01) Sh121 *
Sn123 3.54E01 (o) Sb123 *
Sn126+D 2.30E+05 | Sb-126m, (Sb126 1.4000ED1) Te-126 *
Sr-85 1.78E01 () Rb-85 *
Sr-89 1.38E01 () Y-89 *
Sr-90+D 2.88E+01 | Y-90 Zr-90 *
Tal79 1.82E+00 | & Hf-179 *
Ta182 3.13E01 o W-182 *
Th-157 7.10E+01 | O Gd-157 *

Gd-158, .
Th-158 1.80E+02 | & Dy-158
Th-160 1.98E01 o Dy-160 *
Tc-95m+D 1.67E01 (Tc-95 3.8800E02) Mo-95 *
Tc-97 2.60E+06 | O Mo-97 *
Tc-97m 2.47E01 o Tc-97 2.60E+06
Tc-98 4.20E+06 | O Ru-98 *
Tc-99 2.11E+05 | © Ru-99 *
Te-121m+D 4.22E01 (Te-121 8.8600ED1) Sb121 *
Te-123 6.00E+14 | O Sb123 *
Te-123m 3.27E01 o Te-123 6.00E+14
Te-125m 1.57E01 o Te-125 *
Te-127m+D 2.98E01 (Te-127 9.7600E01) 1-127 *
Te-129m+D 9.20E02 (Te-1296.3000E01) 1-129 1.57E+07
Ra224, RR220, Pe216, Pb212, B¢
Th-228+D 1.91E+00 | 212, (Pe212 6.4060ED1), (T+208 Pb-208 *
3.5940E01)
Ra225, Ac225, FF221, At217, Bi
Th-229+D 7.34E+03 | 213, (Pe213 9.7910E1), Pb209, Bi-209 *
(T1-209 2.0900ED2)
Th-230 7.54E+04 | & Ra226 1.60E+03 | 1.00E+00
Th-232 1.41E+10 | & Ra228 5.75E+00
Ti-44+D 6.00E+01 | Sc44 Ca44 *
Pb-204, .
TI-204 3.78E+00 | & Hg-204
Er-168, .
Tm-168 2.55E01 o) Yb-168
Er-170, .
Tm-170 3.52E01 fe) Yb-170
Tm-171 1.92E+00 | & Yb-171 *
U-232 6.89E+01 | & Th-228 1.91E+00
U-233 1.59E+05 | & Th-229 7.34E+03
U-234 2.46E+05 | & Th-230 7.54E+04
U-235+D 7.04E+08 | Th-231 Pa231 3.28E+04
U-236 2.34E+07 | O Th-232 1.41E+10
Th-234, Pa234m, (Pa2341.6000E | SF 5.45E07
U-238+D 4.47E+09 03) U-234 > A6E+05
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Table A-2 (Cont.)

Principal Radionuclide

Terminal Nuclide or Radionuclifle

Species Half-life (yr) Associated Decay Chdin Species | Half-life (yr) | Fraction
V-49 9.04E01 o Ti-49 *
V-50 1.50E+17 | & 2050 Cr *
W-181 3.32E01 o Ta181 *
W-185 2.06E01 o Re185 *
W-188+D 1.91E01 Re-188 Os188 *
Xe-127 9.97E02 o 1-127 *
Y-88 2.92E01 o Sr-88 *
Y-91 1.60E01 o Zr-91 *
Yb-169 8.77E02 o Tm-169 *
Zn-65 6.68E01 () Cu65 *
Zr-88 2.28E01 o Y-88 2.92E01
Nb-93 *
2r-93 1.53E+06 | & Nb-93m | 161E+0L | 2.50E02
Mo-95 *
Zr-95+D 1.75E01 (Nb-95m 1.08E02) Nb-95 958502 9.99E01

2 Radionuclides with hallives longer than 30 days. If shdited progeny are involved, the +D symbol is
added along with the radionuclide name (e.g-28¢+D).

b The associated progeny with hilfes shorter than 30 days are listed. If the branchiagitin is anything
other than 1, it is listed along with the radionuclide in the bracket.

¢ The principal radionuclide or stable nuclide that terminates an associated decay chain. Stable nuclide:
indicated by an asterisk (*) in place of the Hd#. If a radionuclide has spontaneous fission, it is indicatec
SF. If the branching fraction is anything other than 1, the fraction is listed.

d Indicates there is no associated radionuclide.

For some isomers, the notation in IGR®7 has changed from ICRI8 notations. In
ICRP-107, isomers of energy above the ground state are identified by appending fim,0 fin,0 fip,0
or fiqo to the mass number, whereas the information during the preparation of ICRP-38 was

insufficient to identify the ground and excited staika few radionuclides. Several
radionuclides that did not have sufficient information were assignad-aacdesignation based

on their physical halfife. Table A3 shows the correspondence between the IG&Bnd ICRP
107 isomers. Some radionuclided@RP-38 are not in the ICRRO7 database (séeotnote b in
Table A-3). If any of the radionuclides not in ICRED7 were selected using the ICR®

radionuclide transformation data and if the transformation database is later changed-1OTCRP

then thesauclides will be deleted from the analysis.
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Table A-3 Identification of ICRP -38 and ICRP-107
Isomers

ICRP-38 Notatiort” ICRP-107 NotatioA

ICRP-38° Tz ICRP-107 T2
Nb-89a 66 m Nb-89m 66 m
Nb-89b 122 m Nb-89 2.03 h
Nb-98 51.5m Nb-98m 51.3m
Rh-102 29y Rh-102m 3.742y
Rh-102m 207 d Rh-102 207d
In-110a 69.1m In-110m 69.1m
In-110b 49h In-110 49h
Sb-120a 15.89 m Sb-120 15.89 m
Sb-120b 5.76 d Sb-120m 5.76 d
Sb-128a 10.4 m Sb-128m 10.4 m
Sb-128b 9.01 h Sb-128 9.01h
Eu-150a 12.62 h Eu-150m 12.8 h
Eu-150b 342y Eu-150 369y
Ta-178a 9.31m Ta1l78 9.31m
Ta178b 2.2h Ta178m 2.36 h
Ta180m 8.1h Ta-180 8.152 h
Ta180 1.0E13y Ta180m o°
Re-182a 12.7 h Re182m 12.7 h
Re-182b 64.0 h Re-182 64.0 h
Ir-186b 1.75h I[r-186m 1.92h
Ir-186a 15.8 h Ir-186 16.64 h
Ir-192m 241y Ir-192rf 241y
Np-236b 22.5h Np-236m 22.5h
Np-236a 115E3y Np-236 1.54E5y
Es250 2.1h Es250m 2.22 h

& Half-life (T+) units: m®minute(s);hdhour(s); @&
day(s); yByear(s).

> Nb-97m (60 s), W176 (2.3 h), R&L77 (14 m), Md
257 (5.2h), and Md258 (55 d) were in ICRB8
(T12 values from ICRP8) but are not in ICRRO?7.

¢ Ad-hoc notation fiad and fibo used in ICRP-38
database.

Metastable statef higher energy than the first
metastable state.

¢ Ta180m, Tz in excess of 1.2E15 y; decay has no
been observed (i.e., observationally stable).
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A.2 DOSE COEFFICIENT LIBRARIES

The RESRADBBUILD code is linked to a staralone utility program called é&hDCF
Editor. This DCF Editor manages an array of dose coefficient (dose conversion factor) and risk
coefficient (slope factor) libraries developed based on different radionuclide transformation
databases and with differemiethodologies (seBectiors A.3 and A.5for more information).
The RESRADBBUILD code can access and retrieve data in specific dose and risk coefficient
libraries that are specified by the users for use in dose/risk calculations. The dose and risk
coefficient libraries manageby the DCF Editor include base libraries taken directly from ICRP
and federal government publications as well as-asated libraries. The usereated libraries
are libraries created by modifying one of the base libraries and are named by thehagaes5C
of the RESRADBBUILD Userds Guide (Volume 2 of this report) provides detailed instructions
on creating a user DCF library.

There arewo sets obase dose coefficiehbraries developed witthe ICRR38
radionuclide transformatiotiatabase. One ts@as developed using the ICRB/30
methodology(ICRP 1977, 1979and published in Federal Guidance Reports (FGRs) No. 11
(Eckerman et al. 1988nd No.12Eckermarmand Rymarl993. These base libraries only
include dose coefficients for adult membershaf public. The other set of base libraries was
developed using the ICR&0 methodologyICRP 1991)and published in the ICRP2 report
(ICRP 1996) These libraries includeose oefficientsfor six differentage groups (infant, 1, 5,
10, 15, and aduldf the general publicThereis oneset of base dose coefficient libyar
developed with the ICRRO7 radionuclide transformation databa%ais library alsoincludes
dose coefficients for six different age groups (infant, 1, 5, 10, 15, and adult) of tial gpertodic
and forthe DOE-STD-11962011Reference Persoihe reference person is defined as a
hypothetical aggregation of human (male and female) physical and physiological characteristics
arrived at by international consensus for standardizing radidtise calculations. The reference
person dose coefficients are derived usingsgmpeific dose coefficients coupled with
information on the age and gender structure of the U.S. population in 2000 census data and age
and gendespecific intakes (DOE 2011).

A.2.1 ICRP-26/30Based Dose Coefficientibraries Developed with ICRR38 Radionuclide
Transformation Database

FGRNo0.12 (Eckermarand Rymari1993) listsdose cefficientsfor external exposure to
photons and electrons emitted by radionuclides distributed in air, water, arfkhssi. dse
coefficientsrelate theabsorbedalosesadjusted for radiation type, i.e., dose equivalent,
differentorgans and tissues the bodyas well as the effective dose equivalent to the whole
body,froman entire year of externeakposure t@anenvironmental medm with a unit
concentration of radionuclides. The RESRBDILD code uses onlthe doseoefficientsfor
the whole bodyor exposue toradionuclides in air (for the air submersion pathway) arsbih
(for the direct external and deposition pathways). Appendix C provides discussions on the
methodology implemented in the code for external dose calculations.

FGR11 (Eckerman et al. 188lists dose coefficients for internal exposure to the
radiation emitted by radionuclides that enter a human body through inhalation and ingestion.
dose cefficientfor inhalationrelatesthe committeddose i.e., the total dose over 50 years after
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theintake of radionuclides, to a unit intake of radionuclides through inhalation. Like the external
exposure, the RESRABUILD code uses only the committed effective dose equivalent for the
whole body. The amount of radionuclides that will reach and distribuhe respiratory system
after inhalation intake depends on the size of the particles that carry the radionuclides. The
committed dose equivalent to different issues and organs, thereby the committed effective dose
equivalent to the whole body, also éags on how fast the radionuclides will be cleared from

the lungs after the intak&he dose gefficients for inhalation were developfa the dust

particles with an activity median aerodynamic diameter (AMAD) of 1 iatues are available

for different nhalation classed, W, and Y, referring to thalifferentrates of clearance from the
lungs, whichcorrespond to retention hdlfnes of less than 10 days, 10 to 100 days, and more
than 100 days, respectivelihese different values are included in theeddsary and can be

viewed with the DCF Editor. By default, the largest dose coefficient is selected for use in dose
calculations, unless the user chooses a different value and saves it tar@aiser library for

use by the code. Appendix E discuss$esdalculations of radiation dose for the inhalation
pathway using the inhalation dose coefficients.

A dosecoefficientfor ingestionis thedose/exposure tia for the committedlose that an
individualwould incur froma unitintakeof radionuclideby ingestion The ingestion dose
coefficient of a radionuclidelepend onits chemical form, which determindise fraction ofthe
radionuclideenteringthe gastrointestinal tratitat would entethe body fluid i.e., fraction of
uptake FGR11 includessommitteddoseequivalens for differentorgars or tissus as well as
committed effective dose equivalents for the whole body; the wWimdg dose coefficients are
used by RESRABBUILD in dose calculations. Some radionucli¢dsse ofantimony,
tungstenmercury, uranium, and plutoniuroan assume different chemical forms; therefore,
they have differentdose coefficients for ingestion in the base library. By default, the largest dose
coefficient is selected for use in dose calculations, unless the usseshadifferent value and
saves it to a usareated library for use by the code. Appendix H discusses the calculations of
radiation dose for the ingestion pathway using the ingestion dose coefficients.

TableA-4 lists the defaulingestion inhalation, ad air submersiodose cefficients
used in th(RESRAD-BUILD code forcalculating the radiation dose associated with the
exposure to each principal radionuclidigh half-life of at least 30 days'he listed values
include the contributions from associafgdgenies, if applicable; in that case, the listed values
are different from the default values stored in the FGR 11/12 base library that can be displayed
and viewed with the DCF Editofhe direct external pathway dose coefficients are provided in
Appendx C.
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Table A-4 Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least 30 Day
Half-life Radionuclides from FGR 11 andFGR 12 in RESRAD-BUILD Code

Ingestion Inhalation Air Submersion
Radionuclidé Associated Radionuclides (mrem/pCi) | (mrem/pCi) | (mrem/yr per pCi/r#)
(Th-227 9.8620E01), Ra223,
Ac-227+D 5’?%39?8%858?%#@252111’ 148602 | 6.72E+00 2.16E03
2.8000E03), (FF223 1.3800ED2)
Ag-105 ¢ 2.04E06 4.66E06 2.86E03
Ag-108m+D | (Ag-108 8.9000ED2) 7.62E06 2.83E04 9.11E03
Ag-110m+D | (Ag-110 1.3300ED2) 1.08E05 8.03E05 1.59E02
Al-26 (o) 1.46E05 7.96E05 1.59E02
Am-241 () 3.64E03 4.44E01 9.55E05
Am-242m+D | (Am-242 0.9952), (N#£238 0.0048) 3.51E03 4.26E01 9.02E05
Am-243+D Np-239 3.62E03 4.40E01 1.15E03
Ar-37 () 0.00E+00 0.00E+00 1.48E08
Ar-39 () 0.00E+00 0.00E+00 1.06E06
As-73 () 7.07E07 3.46E06 2.22E05
Au-195 () 1.06E06 1.30E05 3.75E04
Ba133 () 3.40E06 7.81E06 2.08E03
Be-10 () 4.66E06 3.54E04 1.31E06
Be-7 o 1.28E07 3.21E07 2.75E04
Bi-207 (o) 5.48E06 2.00E05 8.80E03
Bi-210m+D | TI-206 9.58E05 7.58E03 1.43E03
Bk-247 () 4.70E03 5.73E01 5.50E04
Bk-249+D (Am-245 1.45E5) 1.20E05 1.39E03 1.21E08
C-14 () 2.09E06 2.09E06 2.61E08
Ca4l () 1.27E06 1.35E06 0.00E+00
Ca4s () 3.16E06 6.62E06 1.01E07
Cd-109 o 1.31E05 1.14E04 3.43E05
Cd113 o 1.74E04 1.67E03 1.69E07
Cd-113m o 1.61E04 1.53E03 8.10E07
Cd-115m o 1.62E05 7.21E05 1.37E04
Ce 139 o 1.14E06 9.07E06 7.85E04
Cel41 o 2.90E06 8.95E06 4.00E04
Ce144+D (Pr-144m 0.0178), Pt44 2.11E05 3.74E04 3.28E04
Cf-248 o 3.34E04 5.07E02 5.52E07
Cf-249 (o) 4.74E03 5.77E01 1.84E03
Cf-250 o 2.13E03 2.62E01 5.25E07
Cf-251 o 4.85E03 5.88E01 6.51E04
Cf-252 o 1.08E03 1.57E01 5.91E07
Cf-254 o 2.42E03 2.93E01 1.72E09
CI-36 o 3.03E06 2.19E05 2.60E06
Cm-241 (o) 4.48E06 1.47E04 2.70E03
Cm-242 (o) 1.15E04 1.73E02 6.64E07
Cm243 o 2.51E03 3.07E01 6.86E04
Cm-244 (o) 2.02E03 2.48E01 5.73E07
Cm245 o 3.74E03 4.55E01 4.62E04
Cm-246 o 3.70E03 4.51E01 5.21E07
Cm-247+D Pu243 3.42E03 4.14E01 1.87E03
Cm-248 (o) 1.36E02 1.65E+00 3.96E07
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Table A-4 (Cont.)

Ingestion Inhalation Air Submersion
Radionuclidé AssociatecdRadionuclide’ (mrem/pCi) | (mrem/pCi) | (mrem/yr per pCi/rf)
Cm250 (Pu-246 0.25), (ArR246 0.25), (Bk 7.77E02 9.40E+00 2.36E03
250 0.14)

Co-56 o 1.26E05 3.96E05 2.14E02
Co-57 o 1.18E06 9.07E06 6.55E04
Co-58 o 3.58E06 1.09E05 5.56E03
Co-60 o 2.69E05 2.19E04 1.47E02
Cs134 o 7.33E05 4.62E05 8.83E03
Cs135 o 7.07E06 4.55E06 6.59E08
Cs137+D (Ba137m 0.946) 5.00E05 3.19E05 3.18E03
Dy-159 o 4.44E07 2.43E06 1.46E04
Es254+D Bk250 3.14E04 4.11E02 5.14E03
Eu-148 o 5.74E06 1.43E05 1.24E02
Eu-149 o 4.59E07 1.89E06 2.63E04
Eu-150 o 6.36E06 2.68E04 8.37E03
Eu-152 o 6.48E06 2.21E04 6.59E03
Eu-154 o 9.55E06 2.86E04 7.17E03
Eu-155 o 1.53E06 4.14E05 2.91E04
Fe55 o 6.07E07 2.69E06 0.00E+00
Fe59 () 6.70E06 1.48E05 6.97E03
Fe60+D Co-60m 1.52E04 7.47E04 2.54E05
Fm-257+D giﬁ;?fggoﬁggom)’ 1.99E04 | 3.05E02 5.47E04
Gd-146 Eu-146 9.84E06 4.20E05 1.55E02
Gd-148 o 2.18E04 3.30E01 0.00E+00
Gd-151 () 8.25E07 8.88E06 2.57E04
Gd-152 o 1.61E04 2.43E01 0.00E+00
Gd-153 () 1.17E06 2.38E05 4.33E04
Ge68+D Ga68 1.41E06 5.19E05 5.34E03
H-3 () 6.40E08 6.40E08 3.86E08
Hf-172+D Lu-172 1.01E05 3.23E04 1.13E02
Hf-175 o 1.82E06 5.59E06 1.97E03
Hf-178m () 2.10E05 2.46E03 1.31E02
Hf-181 o 4.70E06 1.54E05 3.06E03
Hf-182 () 1.59E05 3.32E03 1.33E03
Hg-194+D Au-194 2.90E04 1.82E04 6.17E03
Hg-203 () 1.14E05 7.33E06 1.32E03
Ho-166m () 8.07E06 7.73E04 9.86E03
1-125 () 3.85E05 2.42E05 6.09E05
1-129 o 2.76E04 1.74E04 4.43E05
In-114m+D (In-114 0.957) 1.71E05 8.88E05 5.03E04
In-115 o 1.58E04 3.74E03 5.25E07
Ir-192 () 5.74E06 2.82E05 4.56E03
Ir-192m o 1.57E06 3.85E04 8.91E04
Ir-194m () 9.10E06 6.84E05 1.31E02
K-40 o 1.86E05 1.24E05 9.39E04
Kr-81 o 0.00E+00 0.00E+00 3.12E05
Kr-85 o 0.00E+00 0.00E+00 1.39E05
La-137 o 4.55E07 8.77E05 4.74E05
La-138 o 5.88E06 1.37E03 7.24E03
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Table A-4 (Cont.)

Ingestion Inhalation Air Submersion
Radionuclidé AssociatecdRadionuclide’ (mrem/pCi) | (mrem/pCi) | (mrem/yr per pCi/rf)
Lu-173 () 1.09E06 2.25E05 5.95E04
Lu-174 () 1.11E06 3.96E05 6.37E04
Lu-174m () 2.13E06 2.54E05 2.54E04
Lu-176 () 7.33E06 6.62E04 2.71E03
Lu-177m+D | (Lu-177 0.21) 7.81E06 7.38E05 5.49E03
Md-258 1.18E04 1.65E02 5.93E06
Mn-53 () 1.08E07 5.00E07 0.00E+00
Mn-54 () 2.77E06 6.70E06 4.77E03
Mo-93 () 1.35E06 2.84E05 2.94E06
Na-22 () 1.15E05 7.66E06 1.26E02
Nb-93m () 5.22E07 2.92E05 5.18E07
Nb-94 () 7.14E06 4.14E04 8.99E03
Nb-95 () 2.57E06 5.81E06 4.36E03
Ni-59 () 2.10E07 2.70E06 0.00E+00
Ni-63 () 5.77E07 6.29E06 0.00E+00
Np-235 () 2.43E07 4.14E06 5.95E06
Np-236 () 8.66E04 1.04E01 6.25E04
Np-237+D Pa233 4.44E03 5.40E01 1.21E03
Os185 () 2.26E06 1.04E05 4.00E03
0s194+D Ir-194 1.62E05 6.73E04 5.33E04
Pa231 () 1.06E02 1.28E+00 2.01E04
Pb-202+D TI-202 4.04E05 9.91E05 2.54E03
Pb-205 () 1.63E06 3.92E06 5.90E08
Pb-210+D Bi-210 5.38E03 1.38E02 1.04E05
Pd107 3 1.49E07 1.28E05 0.00E+00
Pm143 3 1.03E06 1.09E05 1.70E03
Pm144 3 4.33E06 5.37E05 8.73E03
Pm145 3 4.74E07 3.05E05 8.27E05
Pm146 3 3.67E06 1.47E04 4.19E03
Pm147 3 1.05E06 3.92E05 8.09E08
Pm148m+D | (Pm148 0.046) 8.16E06 2.31E05 1.15E02
Po-209 o 0.00E+00 0.00E+00 0.00E+00
Po-210 3 1.90E03 9.40E03 4.85E08
Pt+193 3 1.19E07 2.27E07 4.65E08
Pu236 3 1.17E03 1.45E01 7.41E07
Pu237 3 4.44E07 1.97E06 2.36E04
Pu238 3 3.20E03 3.92E01 5.70E07
Pu239 () 3.54E03 4.29E01 4.95E07
Pu240 () 3.54E03 4.29E01 5.54E07
Pu241+D (U-237 0.0000245) 6.84E05 8.25E03 2.55E08
Pu242 () 3.36E03 4.11E01 4.68E07
Pu244+D (U-240 0.9988), (Nf240m 0.9988) 3.32E03 4.03E01 1.89E03
Rn-222,Pe218, (Pb214 9.9980ED1),
Ra226+D Bi-214, (Pe2149.9980E01), (TF210 1.32E03 8.59E03 1.03E02
2.0000E04), (At218 2.0000ED4)
Ra228+D Ac-228 1.44E03 5.08E03 5.58E03
Rb-83+D (Kr-83m 0.76199) 7.70E06 4.92E06 2.79E03
Rb-84 () 9.99E06 6.51E06 5.22E03
Rb-87 () 4.92E06 3.23E06 2.12E07

A-22




Table A-4 (Cont.)

Ingestion Inhalation Air Submersion
Radionuclidé AssociatecdRadionuclide’ (mrem/pCi) | (mrem/pCi) | (mrem/yr per pCi/rf)
Re184 () 2.19E06 5.14E06 5.01E03
Re184m () 2.95E06 1.47E05 2.12E03
Re-186m+D | Re186 6.94E06 3.93E05 1.66E04
Re 187 () 9.51E09 5.44E08 0.00E+00
Rh-101 () 2.32E06 3.96E05 1.41E03
Rh-102 () 1.04E05 1.20E04 1.21E02
Rh-102m () 4.70E06 4.77E05 2.70E03
Ru-103+D (Rh-103m 0.997) 3.06E06 8.96E06 2.63E03
Ru-106+D Rh-106 2.74E05 4.77E04 1.21E03
S35 () 7.33E07 2.48E06 2.84E08
Sb124 () 1.01E05 2.52E05 1.07E02
Sb125 () 2.81E06 1.22E05 2.36E03
Sc46 () 6.40E06 2.96E05 1.16E02
Se75 () 9.62E06 8.47E06 2.16E03
Se79 () 8.69E06 9.84E06 3.54E08
Si-32+D P-32 1.09E05 1.03E03 1.16E05
Sm145 () 9.10E07 1.10E05 1.88E04
Sm146 () 2.04E04 8.25E02 0.00E+00
Sm147 () 1.85E04 7.47E02 0.00E+00
Sm151 () 3.89E07 3.00E05 4.21E09
Sn113+D In-113m 3.18E06 1.07E05 1.46E03
Sn119m () 1.39E06 6.25E06 1.18E05
Sn121im+D | (Sn121 0.776) 2.25E06 1.19E05 7.24E06
Sn123 () 8.40E06 3.25E05 4.70E05
Sn126+D Sb-126m, (Sk1260.14) 2.11E05 1.01E04 1.12E02
Sr-85 3 1.98E06 5.03E06 2.82E03
Sr-89 3 9.25E06 4.14E05 9.02E06
Sr-90+D Y-90 1.53E04 1.31E03 2.31E05
Ta179 3 2.73E07 6.51E06 1.27E04
Ta180 3 3.63E06 2.45E04 3.02E03
Ta182 3 6.51E06 4.48E05 7.47E03
Th-157 3 1.24E07 9.21E06 7.91E06
Th-158 3 4.40E06 2.56E04 4.48E03
Th-160 3 6.73E06 2.50E05 6.47E03
Tc-95m+D (Tc-95 0.04) 1.47E06 3.89E06 3.95E03
Tc-97 3 1.71E07 9.92E07 3.89E06
Tc-97m 3 1.24E06 4.88E06 5.42E06
Tc-98 () 4.88E06 2.29E05 8.01E03
Tc-99 () 1.46E06 8.32E06 1.89E07
Te-121m+D | (Te-121 0.886) 9.19E06 1.76E05 3.95E03
Te-123 () 4.18E06 1.05E05 2.51E05
Te-123m () 5.66E06 1.06E05 7.60E04
Te-125m () 3.67E06 7.29E06 5.29E05
Te-127m+D | (Te-127 0.976) 8.92E06 2.18E05 4.47E05
Te-129m+D | (Te-129 0.65) 1.08E05 2.40E05 3.89E04
Ra224, Rr220, Pe216, Ph212,
Th-228+D Bi-212, (Pe212 0.6407), (FR08 8.09E04 3.45E01 9.37E03
0.3593)
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Table A-4 (Cont.)

Ingestion Inhalation Air Submersion
Radionuclidé AssociatecdRadionuclide’ (mrem/pCi) | (mrem/pCi) | (mrem/yr per pCi/rf)
Ra225, Ac225, Fr221, At217, Bk
Th-229+D 213, (Pe213 0.9784), (FR09 0.0216), 4.03E03 2.17E+00 1.74E03
Pb-209

Th-230 () 5.48E04 3.26E01 2.03E06
Th-232 () 2.73E03 1.64E+00 1.02E06
Ti-44+D Sc44 2.45E05 1.02E03 1.29E02
TI-204 () 3.36E06 2.41E06 6.52E06
Tm-170 () 5.29E06 2.63E05 2.60E05
Tm-171 () 4.29E07 9.14E06 2.51E06
U-232 () 1.31E03 6.59E01 1.66E06
U-233 () 2.89E04 1.35E01 1.90E06
U-234 () 2.83E04 1.32E01 8.91E07
U-235+D Th-231 2.67E04 1.23E01 9.01E04
U-236 () 2.69E04 1.25E01 5.85E07
U-238+D Z,ho'éi’;‘)' (Pa234m 0.998), (Pa34 269E04 | 1.18E01 1.60E04
V-49 () 6.14E08 3.45E07 0.00E+00
W-181 () 3.44E07 1.51E07 1.63E04
W-185 () 1.99E06 7.51E07 6.27E07
W-188+D Re-188 1.25E05 6.12E06 3.46E04
Xe-127 () 0.00E+00 0.00E+00 1.46E03
Y-88 () 5.99E06 2.81E05 1.60E02
Y-91 () 9.51E06 4.88E05 3.03E05
Yb-169 () 3.00E06 8.07E06 1.51E03
Zn-65 () 1.44E05 2.04E05 3.38E03
Zr-88 () 1.49E06 2.43E05 2.19E03
Zr-93 () 1.66E06 3.21E04 0.00E+00
Zr-95+D (Nb-95m 0.007) 3.79E06 2.36E05 4.20E03

a Dose conversion factors for entries labeled with fi+D0 are aggregated dose conversion factors of the principal
radionuclide together with the associated decay progenies.

b The associated decayogenies are listed. If a branching fraction is anything other than 1, it is listed alc
with the radionuclide in the bracket.

¢ Dash indicates there is no associated radionuclide.

A.2.2 ICRP-60Based Dose Coefficient LibrarieDeveloped with ICRR38 Database

ICRP-72lists inhalation and ingestiatose cefficients that were developed with the
ICRP-38 radionuclide transformation datese andhe ICRRP60 dose estimation methodology
(seeSectionA.3). Dose coefficients faix age groups infant, 1, 5, 10, 15, and addare
availableand are stored in six separate base DCF librdnesldition tousing a newer
biokinetic model than the ICRB6/30 methodology, the ICRE0 methodology also replacdset
three infalation classsD (days), W (week), and Y (yeaused in theCRP-26/30methodology
with theF (fast), M (medium), S (slow), and V (very fasisses; the V clasgpliesto
radionuclides in gasor vapor form. For a radionuclide that has tiplé dose coefficients in a
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base library, the largest one is set as the default for use in dose calculations, unless the user
chooses a different value and saves it to aasated library for use by the code.

Table A5 lists the defaulingestion inhdation, and air submersiatose cefficientsfor
adult members of the general public thatsed in th(RESRADBUILD codefor calculating
the radiation dose associated with the exposure toprahpal radionuclidevith a cutoff half-
life of at least30 days The listed values include the contributions from associated progenies, if
applicable; in that case, the listed values are different from the default values stored in the ICRP

60/72 base library that can be displayed and viewed with the DCF Bditodirect external
exposure dose coefficients are provided in Appendix C.

Table A-5 Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least

30 Day Half-life Radionuclides from ICRP-72 andFGR 13 in RESRAD-BUILD Code

Air
Submersion
Ingestion Inhalation (mreml/yr per
Radionuclidé Associated Progeny Radionuclifles (mrem/pCi) | (mrem/pCi) pCi/m?)
(Th-227 9.8620ED1), Ra223, Rnr219, Pe
Ac-227+D 215, Pb211, Bi211, (TF207 9.9720ED1), 4.47E03 2.10E+00 2.03E03
(Po-211 2.8000ED3), (FF2231.3800E02)
Ag-105 o° 1.74E06 3.00E06 2.64E03
Ag-108m+D | (Ag-108 8.9000ED2) 8.51E06 1.37E04 8.47E03
Ag-110m+D | (Ag-110 1.3300ED2) 1.04E05 4.44E05 1.48E02
Al-26 o 1.30E05 7.40E05 1.49E02
Am-241 o 7.40E04 3.55E01 7.87E05
Am-242m+D | (Am-242 0.9952), (N§238 0.0048) 7.04E04 3.40E01 8.79E05
Am-243+D Np-239 7.43E04 3.55E01 1.03E03
Ar-37 (o) 0.00E+00 0.00E+00 0.00E+00
Ar-39 o 0.00E+00 0.00E+00 1.34E05
As-73 (o) 9.62E07 3.70E06 1.81E05
Au-195 o 9.25E07 6.29E06 3.19E04
Ba-133 o 5.55E06 3.70E05 1.89E03
Be-10 (o) 4.07E06 1.29E04 1.61E05
Be-7 (o) 1.04E07 2.03E07 2.56E04
Bi-207 (o) 4.81E06 2.07E05 8.22E03
Bi-210m+D | TI-206 5.55E05 1.26E02 1.35E03
Bk-247 (o) 1.29E03 2.55E01 4.90E04
Bk-249+D (Am-245 1.45E5) 3.59E06 5.92E04 5.71E08
C-14 (o) 2.15E06 2.15E05 3.04E07
Ca4l (o) 7.03E07 6.66E07 0.00E+00
Ca45 o 2.63E06 1.37E05 1.79E06
Cd-109 o 7.40E06 3.00E05 2.66E05
Cd113 o 9.25E05 4.44E04 2.95E06
Cd-113m (o) 8.51E05 4.07E04 1.06E05
Cd-115m (o) 1.22E05 2.85E05 1.73E04
Ce 139 o 9.62E07 7.03E06 6.97E04
Cel4l (o) 2.63E06 1.41E05 3.62E04
Ce144+D (Pr-144m 0.0178), Pi44 1.94E05 1.96E04 3.99E04
Cf-248 o) 1.04E04 3.26E02 3.79E07
Cf-249 o) 1.29E03 2.59E01 1.69E03
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Table A-5 (Cont.)

Air
Submersion
Ingestion Inhalation (mreml/yr per
Radionuclidé Associated Progeny Radionuclifles (mrem/pCi) | (mrem/pCi) pCi/m?)
Cf-250 (e 5.92E04 1.26E01 3.61E07
Cf-251 (e 1.33E03 2.63E01 5.85E04
Cf-252 (e 3.33E04 7.40E02 2.70E03
Cf-254 (e 1.48E03 1.52E01 9.87E02
CI-36 (e 3.44E06 2.70E05 1.94E05
Cm241 (e 3.37E06 1.37E04 2.46E03
Cm242 (e 4.44E05 2.18E02 4.69E07
Cm-243 (e 5.55E04 2.55E01 6.19E04
Cm244 (e 4.44E04 2.11E01 3.97E07
Cm-245 (e 7.77E04 3.66E01 4.07E04
Cm-246 (e 7.77E04 3.63E01 3.62E07
Cm-247+D Pu243 7.03E04 3.33E01 1.72E03
Cm-248 (e 2.85E03 1.33E+00 7.74E03
Cm-250 (Pu246 0.25), (Ar246 0.25), (Bk250 0.14)| 1.63E02 7.77E+00 5.93E02
Co-56 (e 9.25E06 2.48E05 2.02E02
Co57 (e 7.77E07 3.70E06 5.80E04
Co-58 (e 2.74E06 7.77E06 5.18E03
Co-60 (e 1.26E05 1.15E04 1.39E02
Cs134 (e 7.03E05 7.40E05 8.24E03
Cs135 (e 7.40E06 3.18E05 1.11E06
Cs137+D (Ba137m 0.946) 4.81E05 1.44E04 2.98E03
Dy-159 () 3.70E07 1.37E06 1.16E04
Es254+D Bk250 1.04E04 3.18E02 4.83E03
Eu-148 (e 4.81E06 9.62E06 1.15E02
Eu149 (e 3.70E07 1.07E06 2.28E04
Eu150 (e 4.81E06 1.96E04 7.75E03
Eu152 (e 5.18E06 1.55E04 6.17E03
Eu154 (e 7.40E06 1.96E04 6.71E03
Eu-155 (e 1.18E06 2.55E05 2.50E04
Fe55 (e 1.22E06 2.85E06 0.00E+00
Fe59 (e 6.66E06 1.48E05 6.56E03
Fe-60+D Co-60m 4.07E04 1.04E03 2.36E05
Cf-253, (Es2539.9690E01), (Cm249
Fm-257+D 3.1000E03) 8.32E05 4.10E02 4.89E04
Gd-146 Eu-146 8.36E06 2.66E05 1.44E02
Gd-148 () 2.07E04 9.62E02 0.00E+00
Gd151 () 7.40E07 3.18E06 2.19E04
Gd-152 () 1.52E04 7.03E02 0.00E+00
Gd-153 () 9.99E07 7.77E06 3.63E04
Ge68+D Ga68 5.18E06 5.20E05 5.01E03
H-3 (o) 1.55E07 9.62E07 0.00E+00
Hf-172+D Lu-172 8.51E06 1.24E04 1.05E02
Hf-175 o 1.52E06 4.44E06 1.80E03
Hf-178m o 1.74E05 9.62E04 1.20E02
Hf-181 (o) 4.07E06 1.85E05 2.83E03
Hf-182 (e 1.11E05 1.15E03 1.20E03
Hg-194+D Au-194 1.90E04 1.49E04 5.77E03
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Table A-5 (Cont.)

Air
Submersion
Ingestion Inhalation (mreml/yr per

Radionuclidé Associated Progeny Radionuclifles (mrem/pCi) | (mrem/pCi) pCi/m?)
Hg-203 (e 7.03E06 2.59E05 1.21E03
Ho-166m (e 7.40E06 4.44E04 9.15E03
1-125 (e 5.55E05 5.18E05 4.36E05
1-129 (e 4.07E04 3.55E04 3.28E05
In-114m+D | (In-114 0.957) 1.52E05 3.44E05 4.72E04
In-115 (e 1.18E04 1.44E03 7.65E06
Ir-192 (e 5.18E06 2.44E05 4.22E03
Ir-192m (e 1.15E06 1.44E04 7.99E04
Ir-194m (e 7.77E06 4.81E05 1.21E02
K-40 (e 2.29E05 7.77E06 9.25E04
Kr-81 (e 0.00E+00 0.00E+00 2.85E05
Kr-85 (e 0.00E+00 0.00E+00 2.80E05
La-137 (e 3.00E07 3.22E05 3.50E05
La-138 (e 4.07E06 5.55E04 6.82E03
Lu-173 (e 9.62E07 8.88E06 5.16E04
Lu-174 (e 9.99E07 1.55E05 5.77E04
Lu-174m (e 1.96E06 1.55E05 2.15E04
Lu-176 (e 6.66E06 2.59E04 2.46E03
Lu-177m+D | (Lu-177 0.21) 6.70E06 6.01E05 4.99E03
Md-258 4.81E05 2.18E02 4.54E06
Mn-53 (e 1.11E07 2.00E07 0.00E+00
Mn-54 (e 2.63E06 5.55E06 4.47E03
Mo-93 (e 1.15E05 8.51E06 2.02E06
Na22 (e 1.18E05 4.81E06 1.19E02
Nb-93m (e 4.44E07 6.66E06 3.56E07
Nb-94 (e 6.29E06 1.81E04 8.41E03
Nb-95 (e 2.15E06 6.66E06 4.08E03
Ni-59 (e 2.33E07 3.07E06 0.00E+00
Ni-63 (e 5.55E07 7.40E06 0.00E+00
Np-235 (e 1.96E07 2.33E06 4.89E06
Np-236 (e 6.29E05 2.96E02 5.54E04
Np-237+D Pa233 4.10E04 1.85E01 1.10E03
0s185 [e) 1.89E06 5.92E06 3.71E03
0s194+D Ir-194 1.37E05 3.17E04 5.55E04
Pa231 [e) 2.63E03 5.18E01 1.83E04
Pb-202+D TI-202 3.42E05 4.51E05 2.34E03
Pb-205 [e) 1.04E06 3.14E06 6.36E08
Pb-210+D Bi-210 2.56E03 2.11E02 3.53E05
Pd107 (e 1.37E07 2.18E06 0.00E+00
Pm143 (e 8.51E07 5.55E06 1.58E03
Pm144 (e 3.59E06 3.03E05 8.12E03
Pm145 (e 4.07E07 1.33E05 6.41E05
Pm146 (e 3.33E06 7.77E05 3.90E03
Pm147 (e 9.62E07 1.85E05 1.01E06
Pm148m+D | (Pm148 0.046) 6.75E06 2.15E05 1.07E02
Po-209 o 0.00E+00 0.00E+00 0.00E+00
Po210 (e 4.44E03 1.59E02 4.54E08
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Table A-5 (Cont.)

Air
Submersion
Ingestion Inhalation (mreml/yr per
Radionuclidé Associated Progeny Radionuclifles (mrem/pCi) | (mrem/pCi) pCi/m?)
Pt193 (e 1.15E07 7.77E08 4.75E08
Pu236 (e 3.22E04 1.48E01 5.47E07
Pu237 (e 3.70E07 1.44E06 2.05E04
Pu238 (e 8.51E04 4.07E01 4.09E07
Pu239 (e 9.25E04 4.44E01 4.06E07
Pu240 (e 9.25E04 4.44E01 3.99E07
Pu241+D (U-237 0.0000245) 1.78E05 8.51E03 2.25E08
Pu242 (e 8.88E04 4.07E01 3.39E07
Pu-244+D (U-240 0.9988), (Nf240m0.9988) 8.92E04 4.07E01 1.94E03
Rn-222,Pe218, (Ph214 9.9980ED1),
R&a226+D Bi-214, (Pe214 9.9980ED1), (TF210 1.04E03 3.53E02 9.77E03
2.0000E04), (At218 2.0000ED4)
R&a228+D Ac-228 2.55E03 5.93E02 5.24E03
Rb-83+D (Kr-83m 0.76199) 7.03E06 2.55E06 2.58E03
Rb-84 (e 1.04E05 3.70E06 4.88E03
Rb-87 () 5.55E06 1.85E06 3.85E06
Re-184 (o) 3.70E06 7.03E06 4.66E03
Re-184m (o) 5.55E06 2.40E05 1.95E03
Re-186m+D | Re-186 1.37E05 4.85E05 1.65E04
Re-187 (o) 1.89E08 2.33E08 0.00E+00
Rh101 (o) 2.04E06 2.00E05 1.27E03
Rh102 (o) 9.62E06 6.29E05 1.13E02
Rh-102m o 4.44E06 2.63E05 2.51E03
Ru-103+D (Rh+103m 0.997) 2.71E06 1.11E05 2.43E03
Ru-106+D Rh-106 2.59E05 2.44E04 1.24E03
S35 () 2.85E06 7.03E06 3.63E07
Sb-124 (o) 9.25E06 3.18E05 1.01E02
Sb125 () 4.07E06 4.44E05 2.18E03
Sc46 () 5.55E06 2.52E05 1.09E02
Se75 () 9.62E06 4.81E06 1.96E03
Se79 () 1.07E05 2.52E05 4.60E07
Si-32+D P-32 1.09E05 4.20E04 6.36E05
Sm145 o 7.77TE07 5.92E06 1.47E04
Sm146 (o) 2.00E04 4.07E02 0.00E+00
Sm147 (o) 1.81E04 3.55E02 0.00E+00
Sm151 (o) 3.63E07 1.48E05 2.87E09
Sn113+D In-113m 2.80E06 1.01E05 1.34E03
Sn119m o 1.26E06 8.14E06 8.22E06
Sn121im+D | (Sn121 0.776) 2.07E06 1.73E05 9.65E06
Sn123 o 7.77E06 3.00E05 8.15E05
Sn126+D Sb-126m, (Sk1260.14) 1.88E05 1.05E04 1.05E02
Sr-85 () 2.07E06 3.00E06 2.61E03
Sr-89 () 9.62E06 2.92E05 5.10E05
Sr-90+D Y-90 1.14E04 5.98E04 1.04E04
Ta1l79 o 2.40E07 2.07E06 1.05E04
Ta180 (e 3.11E06 9.62E05 2.74E03
Ta182 (e 5.55E06 3.70E05 6.99E03
Th-157 (e 1.26E07 4.44E06 6.24E06
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Table A-5 (Cont.)

Air
Submersion
Ingestion Inhalation (mreml/yr per

Radionuclidé Associated Progeny Radionuclifles (mrem/pCi) | (mrem/pCi) pCi/m?)

Th-158 (e 4.07E06 1.70E04 4.18E03
Th-160 (e 5.92E06 2.59E05 6.06E03
Tc-95m+D (Tc-95 0.04) 2.10E06 4.46E06 3.66E03
Tc-97 (e 2.52E07 6.66E06 2.64E06
Tc-97m (e 2.04E06 1.52E05 4.34E06
Tc-98 (e 7.40E06 1.67E04 7.48E03
Tc-99 (e 2.37E06 4.81E05 3.35E06
Te-121m+D | (Te-121 0.886) 9.92E06 2.28E05 3.64E03
Te-123 (e 1.63E05 4.44E05 1.76E05
Te-123m (e 5.18E06 1.89E05 6.78E04
Te-125m (e 3.22E06 1.55E05 3.91E05
Te-127m+D | (Te-127 0.976) 9.12E06 3.68E05 5.11E05
Te-129m+D | (Te-129 0.65) 1.13E05 2.93E05 3.99E04

Ra224, RR220, Pe216, Ph212, Bi212,
Th-228+D (P0-2120.6407), (T1208 0.3593) 5.30E04 1.61E01 8.92E03
Ra225, Ac225, Fr221, At217, Bi213,

Th-229+D (P0-213 0.9784), (FR09 0.0216), P09 2.27E03 9.48E01 1.63E03
Th-230 o 7.77E04 3.70E01 1.73E06
Th-232 o 8.51E04 4.07E01 8.45E07
Ti-44+D Sc44 2.28E05 4.45E04 1.21E02
TI-204 o 4.44E06 1.44E06 2.00E05
Tm-170 (o) 4.81E06 2.59E05 4.28E05
Tm-171 o 4.07E07 5.18E06 2.07E06
U-232 (o) 1.22E03 1.37E01 1.37E06
U-233 () 1.89E04 3.55E02 1.66E06
U-234 (o) 1.81E04 3.48E02 7.13E07
U-235+D Th-231 1.75E04 3.14E02 8.08E04
U-236 o 1.74E04 3.22E02 4.51E07
U-238+D Th-234, (Pa234m 0.998), (P234 0.0033) 1.79E04 2.96E02 2.09E04
V-49 (o) 6.66E08 1.26E07 0.00E+00
W-181 (o) 2.81E07 9.99E08 1.35E04
W-185 (o) 1.63E06 4.44E07 5.80E06
W-188+D Re-188 1.30E05 4.11E06 3.78E04
Xe-127 (o) 0.00E+00 0.00E+00 1.31E03
Y-88 () 4.81E06 1.63E05 1.52E02
Y-91 (o) 8.88E06 3.29E05 7.26E05
Yb-169 () 2.63E06 1.11E05 1.32E03
Zn-65 o 1.44E05 8.14E06 3.18E03
Zr-88 (o) 1.67E06 1.33E05 2.02E03
Zr-93 (o) 4.07E06 9.25E05 0.00E+00
Zr-95+D (Nb-95m 0.007) 3.53E06 2.19E05 3.92E03

@ Dose conversion factors for entries labeled with fi+D0 are aggregated dose conversion factors of the principal
radionuclide together with the associated decay progenies.

b The associated decay progenies are listed. If a branching fraction is anything other than 1, it is listed ¢
with the radionuclide in the bracket.

¢ Dash indicates there is no associated rasttde.

A-29




A.2.3 ICRP-60 Based Dose Coefficient Libraries Developed with ICRR07 Radionuclide
Transformation Database

Dose Coefficient File Package (DCFPAK) 3.02 contains direct external exposure, air
submersion, inhalation, and ingestion dosefficients that were developed with the ICRFY
radionuclide transformation database and the K6REose estimation methodology (see
SectionA.3). Dose coefficients for six age groups (infant, 1, 5, 10, 15, and adult) and for a
reference person are dadle in separate base libraries. For a radionuclide that has multiple dose
coefficients in a base library, the largest one is set as the default for use in dose calculations,
unless the user chooses a different value and saves it tc@esid libray for use by the code.

Table A6 lists the default ingestion, inhalation, and air submersion dose coefficients for
adult members of the general public that are used in the RESBRADD code for calculating
the radiation dose associated with the exposueadb principal radionuclide with coff half-
life of at least 30 days. The listed values include the contributions from associated progenies, if
applicable; in that case, the listed values are different from the default values stored in the
DCFPAKS.02 bae library that can be displayed and viewed with the DCF Editor. The direct
external exposure dose coefficients are provided in Appendix C.

Table A-6 Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least
30 Day Half-life Radionuclides from DCFPAK3.02 in RESRADBUILD Code

Air Submersion
Principal Ingestion Inhalation (mrem/yr per
Radionuclidé Associated Decay Chdin (mrem/pCi) | (mrem/pCi) pCi/m?)

(Th-227 9.8620ED1), (Ra223

1.0000E+00), (R#219 1.0000E+00),

Po215,Pb211, Bi211, (TF207
Ac-227+D 9.9724E01), (Po211 2.7(600E03), 1.61E03 6.46E01 2.25E03

(Fr-223 1.3800ED2), (At219

8.2800E07), (Bi215 8.2800ED7)
Ag-105 o° 1.71E06 3.02E06 2.58E03
Ag-108m+D (Ag-108 8.7000ED2) 8.70E06 1.42E04 8.45E03
Ag-110m+D (Ag-110 1.3600ED2) 1.04E05 4.62E05 1.49E02
Al-26 le) 1.29E05 4.03E04 1.49E02
Am-241 le) 7.55E04 3.57E01 7.85E05
Am-242m+D (Am-242 0.9955) (Ng238 0.0045) 7.04E04 3.39E01 8.76E05
Am-243+D Np-239 7.54E04 3.54E01 1.08E03
Ar-37 () 0.00E+00 0.00E+00 0.00E+00
Ar-39 () 0.00E+00 0.00E+00 1.34E05
Ar-42 K-42 1.62E06 1.32E06 1.75E03
As-73 () 9.58E07 5.03E06 1.80E05
Au-195 () 9.80E07 6.62E06 3.15E04
Ba-133 () 5.70E06 3.85E05 1.89E03
Be-10 le) 4.22E06 1.28E04 1.62E05
Be-7 le) 1.04E07 2.06E07 2.58E04
Bi-207 le) 4.74E06 1.43E04 8.21E03
Bi-208 le) 4.29E06 1.36E04 1.58E02
Bi-210m+D TI-206 5.55E05 3.66E02 1.38E03
Bk-247 o 1.29E03 6.17E01 6.99E04
Bk-249+D (Am-245 1.45E05) 3.67E06 1.55E03 5.35E08

A-30



Table A-6 (Cont.)

Air Submersion

Principal Ingestion Inhalation (mreml/yr per

Radionuclidé Associated Decay Chdin (mrem/pCi)| (mrem/pCi) pCi/m?)
C-14 o 2.15E06 2.12E05 3.04E07
Ca4l o 8.40E07 7.86E07 0.00E+00
Ca45 o 2.62E06 1.35E05 1.77E06
Cd-109 () 7.40E06 3.01E05 2.65E05
Cd113 () 9.06E05 4.40E04 2.91E06
Cd113m o 8.66E05 4.14E04 1.08E05
Cd115m+D (In-115m 1.06ED4) 1.22E05 2.83E05 2.32E04
Ce139 () 9.77E07 7.15E06 6.98E04
Cel41 () 2.64E06 1.39E05 3.65E04

(Pr-144 9.9999ED1), (Pr144m
Ce144+D 9.7699E-03) 1.95E05 1.95E04 3.79E04
Cf-248 o 1.05E04 4.18E02 2.34E06
Cf-249 o 1.30E03 6.20E01 1.67E03
Cf-250 () 5.96E04 2.79E01 5.63E05
Cf-251 o 1.32E03 6.32E01 5.65E04
Cf-252 () 3.35E04 1.36E01 2.60E03
Cf-254 o 1.49E03 1.60E01 9.62E02
Cl-36 o 3.43E06 1.40E04 1.94E05
Cm241 o 3.42E06 1.38E04 2.47E03
Cm242 o 4.33E05 2.19E02 4.55E07
Cm243 o 5.55E04 2.59E01 6.22E04
Cm-244 o 4.55E04 2.11E01 4.67E07
Cm-245 o 7.70E04 3.64E01 4.67E04
Cm-246 () 7.66E04 3.63E01 2.09E05
Cm-247+D Pu243 7.07E04 3.33E01 1.72E03
Cm-248 o 2.87E03 1.34E+00 7.48E03
Cm-250+D ggt*_zz‘ég %‘_%88))’ (ArR246m 0.18), 1.96E02 | 9.11E+00 |  7.76E02
Co-56 () 9.36E06 2.46E05 2.05E02
Co57 o 7.81E07 3.71E06 5.82E04
Co-58 o 2.77E06 7.80E06 5.18E03
Co-60 o 1.26E05 1.14E04 1.39E02
Cs134 o 7.14E05 7.56E05 8.26E03
Cs135 () 9.81E06 4.33E05 2.53E06
Cs137+D (Ba137m 9.4399ED1) 5.03E05 1.46E04 2.98E03
Dy-154 o 2.06E04 9.55E02 0.00E+00
Dy-159 o 3.92E07 1.69E06 1.17E04
(Fm-254 1.7390ED6), (Bk-250

Es254+D 1.0000E+00) 1.05E04 3.79E02 4.90E03
Es255+D (Fm-255 0.92), (BK251 0.08 3.07E05 1.79E02 4.92E05
Eu-148 le) 4.81E06 1.34E05 1.18E02
Eu-149 le) 5.96E07 1.97E06 2.37E04
Eu-150 () 4.63E06 4.75E04 8.08E03
Eu152 () 4.96E06 3.45E04 6.28E03
Eu-154 o 7.29E06 3.95E04 6.75E03
Eu-155 le) 1.23E06 4.60E05 2.53E04
Fe55 le) 1.23E06 2.89E06 7.81E13
Fe59 () 6.62E06 1.49E05 6.56E03
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Table A-6 (Cont.)

Air Submersion

Principal Ingestion Inhalation (mrem/yr per
Radionuclidé Associated Decay Chdin (mrem/pCi)| (mrem/pCi) pCi/nr)
Fe-60+D Co-60m 4.29E04 1.07E03 2.35E05
Fm-257+D §€f'n525439°¢?3§§ig (E253 0.9948), 8.81E05 | 4.86E02 7.09E04
Gd-146+D Eu-146 8.01E06 2.91E05 1.40E02
Gd-148 o 2.02E04 9.34E02 0.00E+00
Gd-150 o 1.94E04 8.96E02 0.00E+00
Gd-151 o 8.40E07 4.34E06 2.51E04
Gd-152 o 1.52E04 7.04E02 0.00E+00
Gd-153 o 1.03E06 8.86E06 3.63E04
Ge68+D Ga68 5.11E06 1.14E04 5.01E03
H-3 o 1.55E07 9.69E07 0.00E+00
Hf-172+D Lu-172m Lul72 8.84E06 1.29E04 1.08E02
Hf-174 o 9.44E04 1.13E01 0.00E+00
Hf-175 o 1.49E06 5.16E06 1.72E03
Hf-178m o 1.47E05 8.20E04 1.14E02
Hf-181 o 4.11E06 2.20E05 2.71E03
Hf-182 o 1.05E05 1.09E03 1.21E03
Hg-194+D Au-194 1.91E04 1.51E04 5.62E03
Hg-203 o 7.07E06 2.60E05 1.21E03
Ho-163 o 1.07E08 9.80E07 0.00E+00
Ho-166m o 7.29E06 1.04E03 8.51E03
1-125 o 5.74E05 5.19E05 4.41E05
1-129 o 4.00E04 3.63E04 3.34E05
In-114m+D (In-114 0.9679 1.53E05 5.01E05 4.63E04
In-115 o 1.21E04 1.45E03 7.71E06
Ir-192 o 5.07E06 2.45E05 4.22E03
Ir-192n o 3.39E06 2.15E04 7.77TE06
Ir-194m o 7.62E06 4.45E05 1.21E02
K-40 o 2.28E05 3.13E04 9.27E04
Kr-81 o 0.00E+00 0.00E+00 4.46E06
Kr-85 o 0.00E+00 0.00E+00 2.81E05
La-137 o 3.11E07 3.31E05 3.59E05
La-138 o 4.03E06 5.76E04 6.80E03
Lu-173 o 1.35E06 1.69E05 7.55E04
Lu-174 o 1.05E06 2.67E05 5.21E04
Lu-174m o 2.02E06 1.63E05 2.08E04
Lu-176 o 6.70E06 5.63E04 2.42E03
Lu-177m+D (Lu-177 2.1700ED1) 6.75E06 6.03E05 4.98E03
Mn-53 o 1.10E07 1.25E06 0.00E+00
Mn-54 o 2.67E06 1.21E05 4.47E03
Mo-93 o 1.07E05 8.24E06 1.98E06
Na22 o 1.17E05 1.07E04 1.19E02
Nb-91 o 1.62E07 6.80E06 9.87E06
Nb-91m o 1.52E06 1.55E05 1.40E04
Nb-92 o 3.77E06 1.00E04 7.97E03
Nb-93m o 4.77E07 7.05E06 3.55E07
Nb-94 o 6.40E06 1.80E04 8.33E03
Nb-95 o 2.17E06 6.46E06 4.08E03
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Table A-6 (Cont.)

Air Submersion

Principal Ingestion Inhalation (mrem/yr per
Radionuclidé Associated Decay Chdin (mrem/pCi)| (mrem/pCi) pCi/nr)
Nd-144 (e 1.51E04 7.04E02 0.00E+00
Ni-59 (e 2.31E07 3.03E06 8.08E08
Ni-63 (e 5.74E07 7.39E06 0.00E+00
Np-235+D (U-235m 3.9934E)3) 2.09E07 2.69E06 3.32E06
Np-236+D (Pa232 1.6E3) 9.18E05 4.25E02 6.58E04
Np-237+D Pa233 3.99E04 1.84E01 1.18E03
0Os185 (e 1.86E06 5.75E06 3.57E03
0Os-186 (e 1.18E04 1.54E02 0.00E+00
0s194+D Ir-194 1.41E05 3.18E04 5.63E04
Pa231 (e 1.77E03 8.50E01 1.69E04
Pb-202+D (TI1-202 9.9000ED1) 5.94E05 1.84E04 2.30E03
Pb-205 o 1.00E06 3.05E06 5.74E08

Bi-210, (Hg206 1.9E08), (TF206
Pb-210+D 1.339E06) 2.58E03 2.13E02 3.56E05
Pd107 o 1.42E07 2.25E06 0.00E+00
Pm143 o 8.70E07 1.07E05 1.58E03
Pm144 o 3.65E06 6.33E05 8.12E03
Pm145 o 4.11E07 2.97E05 6.42E05
Pm146 o 3.31E06 1.63E04 3.89E03
Pm147 o 9.66E07 2.58E05 1.01E06
Pm148m+D (Pm-148 4.2000ED2) 6.93E06 2.14E05 1.06E02
Po-208 o 5.62E03 2.50E02 1.09E07
Po-209 o 5.59E03 3.49E02 3.22E05
Po210 o 4.48E03 1.58E02 5.20E08
Pt190 o 2.57E05 1.91E02 0.00E+00
Pt193 o 1.32E07 2.47E06 3.30E08
Pu236 o 3.29E04 1.51E01 5.06E07
Pu237 o 4.14E07 1.43E06 2.09E04
Pu238 o 8.44E04 4.00E01 3.92E07
Pu239+D (U-235m 9.994001) 9.29E04 4.41E01 4.40E07
Pu240 o 9.29E04 4.41E01 3.84E07
Pu241+D (U-237 2.45E05) 1.75E05 8.45E03 2.23E08
Pu242 o 8.84E04 4.19E01 7.51E07
Pu244+D U-240, Np240m, (Np240 1.1000ED3) | 8.85E04 | 4.13E01 1.88E03

Rn-222, Pe218, (Pb214 9.9980ED1),
Ra226+D E?;ﬁg ;fggff)(’ A(fglg“z%gsog?l)’ 1.04E03 | 3.53E02 9.64E03

(Rn-218 2.0E07)
Ra228+D Ac-228 2.58E03 5.94E02 4.68E03
Rb-83+D (Kr-83m 7.4292E01) 6.55E06 5.07E06 2.52E03
Rb-84 o 1.04E05 1.06E05 4.82E03
Rb-87 o 5.66E06 5.82E05 4.17E06
Re183 o 3.57E06 1.32E05 6.46E04
Re 184 o 3.74E06 8.58E06 4.66E03
Re184m o 5.48E06 3.76E05 1.92E03
Re-186m+D Re-186 1.35E05 2.29E04 1.66E04
Re 187 o 1.77E08 1.45E07 0.00E+00
Rh101 o 2.04E06 1.89E05 1.37E03
Rh102 o 4.40E06 2.69E05 2.61E03
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Table A-6 (Cont.)

Air Submersion

Principal Ingestion Inhalation (mrem/yr per
Radionuclidé Associated Decay Chdin (mrem/pCi)| (mrem/pCi) pCi/nr)
Rh-102m (e 1.02E05 7.32E05 1.14E02
Ru-103+D (Rh-103m 0.989 2.66E06 1.06E05 2.58E03
Ru-106+D Rh-106 2.60E05 2.46E04 1.25E03
535 (e 2.86E06 6.87E06 3.58E07
Sb-124 (e 9.43E06 3.17E05 1.03E02
Sb-125 (e 4.26E06 4.43E05 2.22E03
Sc46 (e 5.44E06 2.50E05 1.09E02
Se75 (e 9.55E06 4.86E06 1.94E03
Se79 (e 1.01E05 2.33E05 3.56E07
Si-32+D P-32 1.10E05 4.27E04 6.38E05
Sm145 (e 7.84E07 1.06E05 1.44E04
Sm146 (e 2.00E04 9.35E02 0.00E+00
Sm147 (e 1.83E04 8.54E02 0.00E+00
Sm148 (e 1.58E04 7.34E02 0.00E+00
Sm151 (e 3.66E07 3.43E05 3.09E09
Sn113+D In-113m 2.88E06 1.49E05 1.36E03
Sn119m o 1.31E06 1.26E05 1.08E05
Snl121m+D (Sn121 7.7600E01) 2.09E06 5.60E05 9.81E06
Sn123 o 7.81E06 4.78E05 8.18E05
Sn126+D Sh-126m, (Sb126 1.4000E01) 1.93E05 5.89E04 1.04E02
Sr-85 o 2.04E06 2.98E06 2.56E03
Sr-89 o 9.51E06 2.95E05 5.13E05
Sr90+D Y-90 1.12E04 5.84E04 1.04E04
Tal79 o 2.22E07 1.81E06 8.13E05
Ta182 o 5.62E06 3.82E05 6.98E03
Th-157 o 1.44E07 1.19E05 1.15E05
Th-158 o 4.14E06 3.90E04 4.22E03
Th-160 o 5.99E06 3.08E05 6.07E03
Tc-95m+D (Tc-95 3.8800ED2) 2.13E06 4.49E06 3.74E03
Tc-97 o 2.52E07 6.60E06 2.58E06
Tc-97m o 2.03E06 1.54E05 4.30E06
Tc-98 o 6.88E06 1.57E04 7.48E03
Tc-99 o 2.37E06 4.94E05 3.36E06
Te-121m+D (Te-121 8.8600ED1) 1.02E05 2.32E05 3.65E03
Te-123 o 5.03E06 1.39E05 3.07E08
Te-123m o 5.07E06 1.87E05 6.78E04
Te-125m o 3.22E06 1.53E05 3.92E05
Te-127m+D (Te-127 9.7600ED1) 9.31E06 3.68E05 5.13E05
Te-129m+D (Te-129 6.3000ED1) 1.12E05 2.92E05 4.03E04
Ra224, RR220, Pe216, Pk212,
Th-228+D Bi-212, (Pe212 6.4060ED1), (T+208 5.29E04 1.60E01 8.43E03
3.5940E01)
Ra225, Ac225, Fr221, At217, Bi213,
Th-229+D (Po-213 9.7910E01), Pb209, (T+209 2.36E03 9.43E01 1.58E03
2.0900E02)
Th-230 o 7.92E04 3.76E01 1.77E06
Th-232 o 8.55E04 4.07E01 9.22E07
Ti-44+D Sc44 2.28E05 4.69E04 1.21E02
TI-204 o 4.40E06 7.01E05 2.04E05
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Table A-6 (Cont.)

Air Submersion
Principal Ingestion Inhalation (mrem/yr per
Radionuclidé Associated Decay Chain (mrem/pCi)| (mrem/pCi) pCi/m?)
Tm-168 (e 3.85E06 1.88E05 6.43E03
Tm-170 (e 4.85E06 3.38E05 3.80E05
Tm-171 (e 3.92E07 7.86E06 1.98E06
U-232 (e 1.24E03 1.37E01 1.26E06
U-233 (e 1.89E04 3.55E02 1.24E06
U-234 (e 1.83E04 3.48E02 7.17E07
U-235+D Th-231 1.74E04 3.13E02 8.56E04
U-236 (e 1.72E04 3.21E02 4.41E07
U-238+D Th-234, Pa234m, (Pa234 1.6000ED3) 1.77604 2.98E02 2.16E04
V-49 (e 6.81E08 2.52E07 0.00E+00
V-50 (e 1.26E05 2.40E04 8.02E03
W-181 (e 3.20E07 1.06E06 1.34E04
W-185 (e 1.64E06 1.43E05 5.79E06
W-188+D Re-188 1.28E05 5.97E05 3.97E04
Xe-127 (e 0.00E+00 0.00E+00 1.32E03
Y-88 (e 4.81E06 2.27E05 1.52E02
Y-91 o 8.77E06 3.31E05 7.02E05
Yb-169 () 3.03E06 1.26E05 1.39E03
Zn-65 () 1.45E05 8.29E06 3.18E03
Zr-88 () 1.63E06 1.34E05 1.97E03
Zr-93 () 3.96E06 8.91E05 7.53E11

@  Dose conversion factors for entries labeled with fi+D0o are aggregated dose conversion factors of the principal

radionuclide together with thessociated decay progenies.

b The associated decay progenies are listed. If a branching fraction is anything other than 1, it is listed ¢
with the radionuclide in the bracket.

¢ Dash indicates there is no associated radionuclide.

A.3 DOSEESTIMATION METHODOLOGY

The absorbed dose is a fundamental dosimetric quantity in radiological proti#dtian.
measure of the energy deposited per unit mass of a mebestimate the total dosgdiation
doses from external and internal exposarre estimated separately and later adéed.an
external or internal exposure, the absorbed doséifefent organs/tissuese estimated first.
Because the same absorbed dose from different types of radiation of different energy have
different biologicaleffects, the absorbed dose is multiplied by the quality factor (the radiation
weighting factor) to obtain the dose equivalent (equivalent dose) of each organ/tissue. The dose
equivalent (equivalent dose) of each organ/tissusuisiplied bythe organ/tisue weighting
factor, andhe weighted dose equivalents (equivalent doses) of different organs/tisadeeale
to obtain the effective dose equivalent (effective dose) for the whole body. For an internal
exposure, the dose equivalent (equivalent doselffective dose equivalent (effective dose) is
integrated over a period of time after the exposure to account for the retention of radionuclides in
the body and the radiation continuously emitted by the radionuclides. The integrated dose
equivalent (equivant dose) and the effective dose equivalent (effective dose) are called the
committed dose equivalent (committed equivalent dose) and the committed effective dose
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equivalent (committed effective dose), respectively. Finally, the effective dose equivalent
(effective equivalent dose) associated with external exposure(s) and the committed effective dose
equivalent (committed effective dose) associated with internal exposure(s) are added to obtain an
estimate of the total dose (total effective dose equivaleiotal effective dose) a receptor would

incur.

Table A7 and Table A8 show the organ/tissue weighting factors and quality
factors/radiation weighting factors usedhelCRP-26 (ICRP 1977)and ICRP60 methodology
TableA-9 shows the different dose terms usetdRP-26 and ICRF60.

Table A-7 Tissue Weighting Factors in ICRR26 and ICRP-60

Weighting Factors

Organ/Tissue ICRP-26 ICRP-60
Gonads 0.25 0.20
Breast 0.15 0.05
Colon -a 0.12
Red Marrow 0.12 0.12
Lungs 0.12 0.12
Stomach -a 0.12
Urinary Bladder -2 0.05
Liver -a 0.05
Esophagus -2 0.05
Thyroid 0.03 0.05
Bone Surface 0.03 0.01
Skin -a 0.01
Remainder 0.30° 0.054

a8 Weighting factor not assigned in ICRB.

b The value 0.30 is applied to thgerage dose among the five
remaining organs or tissues receiving the highest dose, excluding
skin, lens of the eye, and the extremities.

¢ The remainder is composed of the following tissues and organs:
adrenals, brain, small intestine, upper largestihe, kidney, muscle,
pancreas, spleen, thymus, and uterus.

4 The value 0.05 is applied to the average dose to the remainder tis
group. However, if a member of the remainder receives a dose in
excess of the highest dose in any of the twelve organghiich
weighting factors are specified, a weighting factor of 0.025 is app!
to that organ and a weighting factor of 0.025 is applied to the ave
dose in the rest of the remainder.

Sources: ICRP (1977) and ICRP (1991).
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Table A-8 Quality Factors in ICRP-26 and Radiation Weighting Factors

in ICRP-60
ICRP-60
ICRP-26 Radiation
Radiation Type and Energy Range Quality Factor Weighting Factdr
Photons, all energies 1 1
Electrons and muons, all enerdies 1 1
Neutrons

<10 keV T° 5
10 keVto 100 keV T 10
> 100 Kev to 2 MeV T 20
>2 MeV to 20 MeV T 10
>20 MeV T 5
Protons, other than recoil protons, energd/MeV 1 5
Alpha particles, fission fragments, heavy nuclei 20 20

a All values relate to the radiation incident e body or, for internal sources, emitted
from the source.

b Excluding Auger electrons emitted from nuclei bound to DNA.

¢ In ICRP-26,thequality factor for neutrons was recommended to be 10 for unknow
energies, otherwise to be calculated, and a \afl@e3 for thermal neutrons.

Source: ICRP (1991).

Table A-9 Dose Terms Used in ICRP26 and ICRP-60

Dose Quantity

Type of Dose ICRP-26/ICRR30 ICRP-60

Organ/tissue dose Absorbed dose in tissue or orgarn, D Absorbed dose in tissue or organ, D

Absorbed organ/tissue dose Dose equivalent in tissue or organ T Equivalent dose in tissue or organ T,=H
adjusted for radiation type Hr=Drx Q x N xgrWgrx Dt (average absorbed dose in
tissue T from radiation type R)

Committed organ/tissudose Committed dose equivalent;ykb Committed equivalent dose;rkb
(over a period of time
following intake)

Whole-body dose Effective dose equivalent (EDE)gH Effective dose (E), E Xt WrxHr
= x7WrxHr

Whole-body committed dose Committed effective dose equivalen Committed effective dose (CED)sd=
(internal only) (CEDE) = <t W x Hr 50 x1 W+ x Hrs0
Total committed wholbody Total effective dose equivalent Total effective dos€TED) = E (ext) +
dose (TEDE) = EDE (ext.) + CEDE (int) CED (int)
& N is the product of all other modifying factors that might take acoofufior example, absorbed dose rate ar

fractionation.
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A.4 RISK COEFFICIENT LIBRARIES

There are twdbase risk coefficient, i.e., slope factor, libraries that were developed with
eachthe ICRR38and ICRP107radionuclide transformatiotiatabasgeand that can be used in
RESRAD-BUILD for risk calculations. One base library contains risk coefficients fenta
cancer morbidity, and the other base library contains risk coefficients for latent cancer mortality.
The risk coefficients in these two base libraf@msICRP-38 were obtained from FGR N&3
(EPA 1999)and for ICRP107 were obtained from DCFPAK3.02

The risk coefficients from FGR 1&éhd DCFPAK 3.0zre forsix differentmodes 6
exposure. Theare inhalation of air, ingestion of food, ingestion of tap water, and external
exposure from submersion in air, from a surface source of soil, and fromrate iaéllume
source of soil. Risk coefficients for four of the exposure modes (inhalation, ingessoil of
external exposure frosubmersion in air, and external exposure from an infesutece of soil)
are used in RESRABUILD for risk calculations.

Tables A-10and A-11 list the default morbidity and mortality risk coefficiefits
ingestion, inhalation, and air submersion pathwesed in th(RESRADBUILD codefor
calculating the cancer risk associated with the exposwael¢éast 30 day cwdff half-life
principal radionuclide from FGR13 and DCFPAK 3.02, respectivejote that FGR 1and
DCFPAKS.02providemultiple risk coefficientdor inhalation ofparticulate aerosolfor classes
of F,M, and S, which represent fast, medium, and slow abearfa blood respectively. The
largest risk coefficient is used as the default. The listed values in Talfl@aAd A11linclude
the contributions from associated gemies, if applicable; in that case, the listed values are
different from the default values stored in the FGRad8 DCFPAK 3.0dase libraesthat can
be displayed and viewed with the DCF Editor. Appendixes C, E, and H provide discussions on
the calculdon of cancer risks associated with the external exposure, inhalation, and ingestion
pathways using the dose coefficieippendix C provides the risk coefficients for direct
external exposure pathway.

A.5 RISK ESTIMATION METHODOLOGY

RESRADBUILD uses he risk coefficientsleveloped by th&.S. Environmental
Protection Agency (EPAVith the exposure rate (for the external radiation pathways) and the
total intakeof radionuclideg(for internal exposure pathways) to estimatecduecerrisk
associated withadiation exposuteEPA calculates radionuclide risk coefficients using health
effects data and dose and risk models from a number of national and international scientific
advisory commissions and organizations. The risk coefficients are calculatedhfor eac
radionuclide individually based on its unique chemical, metabolic, and radioactive properties.
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Table A-10 FGR 13 Morbidity and Mortality Risk Coefficients for Different Modes of Exposure

FGR 13 Morbidity Risk Coefficients

FGR 13 Mortality Risk Coefficients

Air Air
Submersion Submersion
Associated Progeny| Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation | (risk/yr per

Radionuclidé Radionuclide’ (risk/pCi) | (risk/pCi) pCi/nm?) (risk/pCi) | (risk/pCi) pCi/nm?)

(Th-227 9.8620ED1),

Ra223, Rnr219, Pe
Ac-227+D (Z_ﬁig’?lagl;%zl?gé)lll),, 6.53E10 | 2.13E07 | 157E09 | 4.45E10 | 2.02E07 | 1.06E09

(Po-211 2.8000ED3),

(Fr-223 1.3800ED2)
Ag-105 o° 2.49E12 | 3.16E12 2.11E09 1.49E12 | 2.63E12 | 1.44E09
Ag-108m+D | (Ag-108 8.900002) | 1.12E11 | 1.04E10 | 6.80E09 | 7.10E12 | 8.95E11 | 4.63E09
Ag-110m+D | (Ag-110 1.3300ED2) 1.37E11 | 4.51E11 1.20E08 | 8.51E12 | 3.81E11 | 8.14E09
Al-26 o 2.49E11 | 2.90E10 1.21E08 1.42E11 | 2.60E10 8.24E09
Am-241 o 1.34E10 | 3.77E08 5.84E11 9.47E11 | 3.34E08 3.89E11

(Am-242 0.9952),
Am-242m+D (Np-238 0.0048) 9.03E11 | 3.45E08 6.25E11 6.81E11 | 2.70E08 4.23E11
Am-243+D Np-239 1.42E10 | 3.70E08 7.98E10 | 9.82E11 | 3.17E08 | 5.39E10
Ar-37 e -1d -1¢ -14 -1¢ -1d -1¢
Ar-39 o -1¢ -1¢ 1.94E12 -1¢ -1¢ 1.70E12
As-73 o 2.28E12 | 5.00E12 1.33E11 1.29E12 | 4.55E12 8.84E12
Au-195 o 2.19E12 | 6.48E12 2.42E10 1.22E12 | 5.85E12 1.62E10
Ba-133 o 9.43E12 | 3.25E11 1.50E09 | 6.40E12 | 2.86E11 | 1.02E09
Be-10 o 1.02E11 | 9.40E11 2.36E12 5.77E12 | 8.81E11 2.08E12
Be-7 o 1.20E13 | 2.13E13 2.06E10 7.07E14 | 1.70E13 1.39E10
Bi-207 e 8.14E12 | 1.10E10 6.62E09 4.63E12 | 9.62E11 4.49E09
Bi-210m+D TI-206 7.77E11 | 2.92E08 1.05E09 4.48E11 | 2.78E08 7.13E10
Bk-247 [e) 1.60E10 | 4.77E08 3.83E10 1.19E10 | 3.96E08 | 2.59E10
Bk-249+D (Am-245 1.45E5) 1.57E12 | 1.16E10 1.17E14 9.44E13 | 9.55E11 9.25E15
C-14 o 2.00E12 | 1.69E11 4.27E14 1.36E12 | 1.59E11 3.77E14
Ca4l o 4.37E13 | 5.07E13 0.00E+00 | 3.85E13 | 4.70E13 0.00E+00
Ca45 (o) 3.37E12 | 1.28E11 2.30E13 2.32E12 | 1.19E11 2.09E13
Cd-109 [e) 6.70E12 | 2.19E11 1.86E11 | 4.22E12 | 2.01E11 | 1.18E11
Cd113 (e 2.90E11 | 1.12E10 3.84E13 2.03E11 | 8.07E11 3.49E13
Cd113m o 3.64E11 | 1.30E10 1.51E12 2.49E11 | 9.29E11 1.33E12
Cd-115m o 2.46E11 | 2.92E11 1.08E10 1.39E11 | 2.56E11 7.46E11
Ce139 (o) 1.95E12 | 6.88E12 5.44E10 1.10E12 | 6.18E12 3.68E10
Cel41 [e) 6.77E12 | 1.35E11 2.79E10 | 3.77E12 | 1.22E11 | 1.89E10
Ce144+D (F,F;_r'llﬁm 0.0178), | 519E11 | 1.80E10 | 2.50E10 | 2.87E11 | 1.66E10 | 1.73810
Cf-248 o 6.22E11 | 2.56E08 2.38E13 3.81E11 | 2.43E08 1.35E13
Cf-249 (o) 1.63E10 | 4.85E08 1.35E09 1.21E10 | 4.00E08 | 9.19E10
Cf-250 [e) 1.12E10 | 3.68E08 2.26E13 | 7.95E11 | 3.49E08 | 1.30E13
Cf-251 (o) 1.70E10 | 4.92E08 4.55E10 1.26E10 | 4.07E08 3.08E10
Cf-252 () 1.80E10 | 2.60E08 2.78E13 | 5.40E10 | 7.85E08 | 1.65E13
Cf-254 e -1d -1¢ 7.39E16 -1d -1d 4.20E16
CI-36 o 4.44E12 | 1.01E10 3.50E12 2.93E12 | 9.55E11 2.92E12
Cm241 [e) 7.03E12 | 1.22E10 1.96E09 | 3.92E12 | 1.15E10 | 1.33E09
Cm-242 (o) 5.48E11 | 2.01E08 3.02E13 3.20E11 | 1.91E08 1.75E13
Cm-243 (o) 1.23E10 | 3.67E08 4.86E10 | 8.51E11 | 3.47E08 | 3.28E10
Cm-244 o 1.08E10 | 3.56E08 251E13 7.47E11 | 3.36E08 1.42E13
Cm-245 o 1.35E10 | 3.81E08 3.16E10 9.51E11 | 3.26E08 2.14E10
Cm-246 o 1.31E10 | 3.77E08 2.30E13 | 9.29E11 | 3.26E08 | 1.31E13
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Table A-10 (Cont.)

FGR 13 Morbidity Risk Coefficients

FGR 13 Mortality Risk Coefficients

Air Air
Submersion Submersion
Associated Progeny| Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation | (risk/yr per
Radionuclidé Radionuclide’ (risk/pCi) | (risk/pCi) pCi/nm?) (risk/pCi) | (risk/pCi) pCi/nm?)
Cm-247+D Pu243 1.31E10 | 3.49E08 1.38E09 9.07E11 | 2.91E08 | 9.31E10
Cm-248 () 1.30E09 | 1.50E07 1.74E13 6.80E09 | 8.25E07 | 9.90E14
(Pu-246 0.25),
Cm-250 (Am-246 0.25), 6.46E12 | 5.00E12 1.78E09 3.61E12 | 4.20E12 | 1.21E09
(Bk-250 0.14)
Co-56 o 1.43E11 | 2.56E11 1.64E08 8.69E12 | 2.12E11 | 1.12E08
Co-57 () 1.49E12 | 3.74E12 4.54E10 8.99E13 | 3.23E12 | 3.07E10
Co-58 o 4.18E12 | 7.96E12 4.18E09 2.52E12 | 6.70E12 | 2.84E09
Co-60 () 2.23E11 | 1.01E10 1.12E08 1.44E11 | 8.58E11 | 7.65E09
Cs134 o 5.14E11 | 6.99E11 6.63E09 3.54E11 | 6.14E11 | 4.51E09
Cs135 o 5.88E12 | 2.49E11 1.44E13 3.96612 | 2.33E11 | 1.31E13
Cs137+D (Ba-137m 0.946) 3.74E11 | 1.12E10 2.39E09 2.55E11 | 1.02E10 | 1.63E09
Dy-159 o 7.70E13 | 1.67E12 8.34E11 4.29E13 | 1.46E12 | 5.49E11
Es254+D Bk250 7.89E11 | 2.59E08 3.89E09 4.71E11 | 2.46E08 | 2.65E09
Eu-148 o 6.03E12 | 1.25E11 9.25E09 3.51E12 | 9.29E12 | 6.28E09
Eu-149 o 7.40E13 | 1.27E12 1.75E10 4.14E13 | 1.08E12 | 1.18E10
Eu-150b () 6.07E12 | 2.64E10 6.22E09 3.61E12 | 2.06E10 | 4.23E09
Eu-152 o 8.69E12 | 1.90E10 4.96E09 5.00E12 | 1.52E10 | 3.37E09
Eu154 () 1.49E11 | 2.11E10 5.41E09 8.47E12 | 1.74E10 | 3.68E09
Eu-155 o 2.77E12 | 191E11 1.91E10 155E12 | 1.73E11 | 1.28E10
Fe55 o 1.16E12 | 1.48E12 0.00E+00 | 8.84E13 | 1.22E12 | 0.00E+00
Fe59 () 1.11E11 | 1.47E11 5.30E09 7.07E12 | 1.29E11 | 3.61E09
Fe-60+D Co-60m 2.39E10 | 3.70E10 1.86E11 1.83E10 | 2.89E10 | 1.26E11
Cf-253, (Es253
Fm-257+D 9.9690E01), (Cm249 | 1.20E10 | 4.37E08 3.80E10 6.85E11 | 4.15E08 | 2.57E10
3.1000E03)
Gd-146 Eu146 1.37E11 | 2.92E11 1.16E08 7.77E12 | 2.52E11 | 7.87E09
Gd-148 o 5.51E11 | 1.53E08 0.00E+00 | 4.00E11 | 1.45E08 | 0.00E+00
Gd-151 () 1.65E12 | 3.69E12 1.67E10 9.21E13 | 3.29E12 | 1.12E10
Gd-152 () 3.85E11 | 9.10EQ9 0.00E+00 | 2.83E11 | 8.14E09 | 0.00E+00
Gd-153 o 2.22E12 | 8.58E12 2.73E10 1.24E12 | 7.73E12 | 1.83E10
Ge68+D Ga68 1.03E11 | 1.08E10 3.99E09 5.86E12 | 1.00E10 | 2.71E09
H-3 o 1.44E13 | 8.51FE13 0.00E+00 | 9.84E14 | 7.84E13 | 0.00E+00
Hf-172+D Lu-172 1.52E11 | 9.04E11 8.43E09 8.66E12 | 7.90E11 | 5.72E09
Hf-175 o 2.83E12 | 5.37E12 1.43E09 1.59E12 | 4.63E12 | 9.66E10
Hf-178m o 2.13E11 | 3.70E10 9.58E09 1.29E11 | 3.00E10 | 6.49E09
Hf-181 [e) 9.25E12 | 2.13E11 2.25E09 5.18E12 | 1.92E11 | 1.53E09
Hf-182 o 7.25E12 | 3.41E10 9.60E10 4.96E12 | 2.86E10 | 6.50E10
Hg-194+D Au-194 1.08E10 | 7.63E11 4.66E09 7.47E11 | 6.35E11 | 3.16E09
Hg-203 o 7.62E12 | 2.45E11 9.60E10 5.07E12 | 2.20E11 | 6.50E10
Ho-166m o 1.14E11 | 7.62E10 7.36E09 6.81E12 | 5.77E10 | 5.00E09
[-125 [e) 6.29E11 | 2.77E11 2.81E11 6.51E12 | 2.87E12 | 1.73E11
[-129 o 3.22E10 | 1.60E10 2.16E11 3.28E11 | 2.21E11 | 1.37E11
In-114m+D (In-114 0.957) 3.60E11 | 3.27E11 3.71E10 2.05E11 | 2.80E11 | 2.51E10
In-115 o 4.33E11 | 4.03E10 1.05E12 3.68E11 | 3.64E10 | 9.42E13
Ir-192 o 1.07E11 | 2.41E11 3.36E09 5.99E12 | 2.15E11 | 2.29E09
[r-192m o 1.32E12 | 1.02E10 6.29E10 8.66E13 | 9.21E11 | 4.26E10
Ir-194m o 1.26E11 | 4.59E11 9.74E09 7.29E12 | 4.00E11 | 6.62E09
K-40 () 3.43E11 | 2.22E10 7.24E10 2.18E11 | 2.08E10 | 4.94E10
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Table A-10 (Cont.)

FGR 13 Morbidity Risk Coefficients

FGR 13 Mortality Risk Coefficients

Air Air
Submersion Submersion

Associated Progeny| Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation | (risk/yr per
Radionuclidé Radionuclide’ (risk/pCi) | (risk/pCi) pCi/nm?) (risk/pCi) | (risk/pCi) pCi/nm?)
Kr-81 o -1¢ -1¢ 2.26E11 -1¢ -1¢ 1.54E11
Kr-85 () -1¢ -1¢ 1.17E11 -1¢ -1¢ 8.44E12
La-137 o 5.00E13 | 1.39E11 2.35E11 2.88E13 | 1.15E11 | 1.48E1l1
La-138 o 4.96E12 | 3.05E10 5.52E09 2.98E12 | 2.35E10 | 3.76E09
Lu-173 o 1.96E12 | 8.69E12 3.97E10 1.10E12 | 7.73E12 | 2.67E10
Lu-174 o 2.12E12 | 1.42E11 4.57E10 1.19E12 | 1.28E11 | 3.08E10
Lu-174m () 4.96E12 | 151E11 1.62E10 2.75E12 | 1.38E11 | 1.09E10
Lu-176 o 1.35E11 | 1.75E10 1.95E09 7.62E12 | 1.52E10 | 1.32E09
Lu-177m+D (Lu-177 0.21) 1.47E11 | 5.80E11 3.94E09 8.19E12 | 5.26E11 | 2.67E09
Md-258 6.25E11 | 2.16E08 3.14E12 3.59E11 | 2.05E08 | 1.99E12
Mn-53 o 2.25E13 | 9.69E13 0.00E+00 | 1.30E13 | 8.99E13 | 0.00E+00
Mn-54 () 3.11E12 | 1.21E11 3.60E09 1.96E12 | 9.88E12 | 2.45E09
Mo-93 o 4.18E12 | 5.74E12 1.27E12 3.74E12 | 5.37E12 | 7.08E13
Na-22 o 1.26E11 | 9.73E11 9.56E09 8.66E12 | 8.55E11 | 6.50E09
Nb-93m () 1.17E12 | 5.66E12 2.24E13 6.55E13 | 5.25E12 | 1.25E13
Nb-94 o 1.11E11 | 1.35E10 6.76E09 6.40E12 | 1.18£10 | 4.60E09
Nb-95 () 3.50E12 | 6.44E12 3.28E09 2.00E12 | 5.55E12 | 2.23E09
Ni-59 o 3.89E13 | 2.41E12 0.00E+00 | 2.32E13 | 1.69E12 | 0.00E+00
Ni-63 o 9.51E13 | 5.77E12 0.00E+00 | 5.66E13 | 4.03E12 | 0.00E+00
Np-235 () 5.07E13 | 1.94E12 3.61E12 2.81E13 | 1.79E12 | 2.35E12
Np-236a o 1.44E11 | 2.34E09 4.29E10 8.95E12 | 1.71E09 | 2.90E10
Np-237+D Pa233 9.10E11 | 2.87E08 8.68E10 5.7811 | 2.71E08 | 5.88E10
Os185 [e) 2.70E12 | 6.14E12 2.98E09 158E12 | 5.11E12 | 2.02E09
0s194+D Ir-194 3.49E11 | 2.58E10 4.01E10 1.95E11 | 2.41E10 | 2.74E10
Pa231 [e) 2.26E10 | 7.62E08 1.45E10 1.59E10 | 5.62E08 | 9.82E11
Pb-202+D TI-202 3.13E11 | 3.43E11 1.87E09 2.31E11 | 2.96E11 | 1.26E09
Pb-205 () 8.25E13 | 2.36E12 3.47E14 6.40E13 | 2.21E12 | 2.07E14
Pb-210+D Bi-210 1.19E09 | 1.63E08 9.04E12 8.62E10 | 1.54E08 | 6.89E12
Pd107 o 3.67E13 | 1.69E12 0.00E+00 | 2.03E13 | 1.56E12 | 0.00E+00
Pm143 () 1.24E12 | 9.06E12 1.26E09 7.14E13 | 6.88E12 | 8.56E10
Pm144 o 4.66E12 | 5.51E11 6.52E09 2.74E12 | 4.18E11 | 4.42E09
Pm145 (o) 8.07E13 | 1.28E11 4.51E11 4.59E13 | 1.10E11 | 2.92E11
Pm146 [e) 5.99E12 | 1.03E10 3.13E09 3.42E12 | 8.25E11 | 2.12E09
Pm147 o 2.48E12 | 1.61E11 1.44E13 1.38E12 | 1.50E11 | 1.27E13
Pm148m+D | (Pm148 0.046) 1.27E11 | 2.17E11 8.58E09 7.15E12 | 1.88E11 | 5.84E09
Po209 o -1¢ -1¢ -1¢ -1¢ -1¢ -1¢
Po210 (o) 2.25E09 | 1.45E08 3.66E14 1.64E09 | 1.37E08 | 2.49E14
Pt193 [e) 3.09E13 | 1.96E12 2.69E14 1.71E13 | 1.83E12 | 1.59E14
Pu-236 o 9.92E11 | 2.96E08 3.66E13 6.92E11 | 2.80E08 | 2.18E13
Pu237 () 8.40E13 | 1.49E12 1.59E10 4.70E13 | 1.32E12 | 1.07E10
Pu-238 o 1.69E10 | 5.22E08 2.66E13 1.30E10 | 4.40E08 | 1.57E13
Pu239 (o) 1.74E10 | 5.51E08 2.99E13 1.34E10 | 4.66E08 | 1.93E13
Pu240 [e) 1.74E10 | 5.55E08 2.61E13 1.34E10 | 4.66E08 | 1.53E13
Pu241+D (U-237 0.0000245) 2.28E12 | 8.66E10 1.75E14 1.88£12 | 7.33E10 | 1.18E14
Pu242 () 1.65E10 | 5.25E08 2.23E13 1.28E10 | 4.40E08 | 1.31E13
Pu-244+D (U-240 0.9988), 1.90E10 | 5.00E08 1.43E09 1.40E10 | 4.22E08 | 9.67E10

(Np-240m0.9988)

A-41



Table A-10 (Cont.)

FGR 13 Morbidity Risk Coefficients

FGR 13 Mortality Risk Coefficients

Air Air
Submersion Submersion
Associated Progeny| Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation | (risk/yr per

Radionuclidé Radionuclide’ (risk/pCi) | (risk/pCi) pCi/nm?) (risk/pCi) | (risk/pCi) pCi/nm?)

Rn-222,Pe218,

(Pb-214 9.9980ED1),

Bi-214, (Pe214
Ra226+D 9.9980E(01), (TF210 5.15E10 | 2.83E08 7.87E09 3.55E10 | 2.69E08 | 5.35E09

2.0000E04), (At-218

2.0000E04)
R&a228+D Ac-228 1.43E09 | 4.37E08 4.21E09 1.01E09 | 4.15E08 | 2.86E09
Rb-83+D (Kr-83m 0.76199) 7.51E12 | 5.48E12 2.08E09 5.14E12 | 4.40E12 | 1.41E09
Rb-84 o 1.17E11 | 9.29E12 3.92E09 7.96E12 | 7.84E12 | 2.66E09
Rb-87 o 7.07E12 | 4.33E11 4.96E13 4.74E12 | 4.03E11 | 4.52E13
Re184 () 4.40E12 | 8.25E12 3.74E09 2.66E12 | 7.18E12 | 2.54E09
Re-184m o 6.96E12 | 3.51E11 1.55E09 4.14E12 | 3.17E11 | 1.05E09
Re-186m+D Re-186 1.85E11 | 1.71E10 1.11E10 1.0811 | 1.61E10 | 7.54E11
Re-187 o 2.56E14 | 1.18E13 0.00E+00 | 1.49E14 | 1.10E13 | 0.00E+00
Rh101 o 3.01E12 | 1.81E11 1.00E09 1.81E12 | 1.61E11 | 6.77E10
Rh-102 () 1.04E11 | 5.99E11 9.10E09 6.59E12 | 4.96E11 | 6.19E09
Rh-102m o 8.73E12 | 2.56E11 2.01E09 5.00E12 | 2.28E11 | 1.37E09
Ru-103+D (Rh-103m0.997) 5.56E12 | 1.07E11 1.95E09 3.15E12 | 9.59E12 | 1.33E09
Ru-106+D Rh-106 6.10E11 | 2.23E10 9.17E10 3.46E11 | 2.06E10 | 6.26E10
S35 o 3.70E12 | 6.55E12 4.99E14 2.49E12 | 6.03E12 | 4.43El4
Sb124 () 1.85E11 | 3.20E11 8.14E09 1.06E11 | 2.79E11 | 5.54E09
Sb125 o 6.14E12 | 4.00E11 1.75E09 3.74E12 | 3.60E11 | 1.19E09
Sc46 o 8.88E12 | 2.47E11 8.83E09 5.03612 | 2.14E11 | 6.00E09
Se75 [e) 1.08E11 | 5.00E12 1.55E09 7.55E12 | 4.25E12 | 1.05E09
Se79 o 9.69E12 | 1.99E11 6.29E14 6.73E12 | 1.87E11 | 5.60E14
Si-32+D P-32 1.73E11 | 3.07E10 1.34E11 1.12E11 | 2.90E10 | 1.08E11
Sm145 [e) 1.70E12 | 5.96E12 1.04E10 9.51E13 | 5.11E12 | 6.78E11
Sm146 o 5.25E11 | 1.39E08 0.00E+00 | 4.03E11 | 1.25E08 | 0.00E+00
Sm147 [e) 4.77E11 | 1.26E08 0.00E+00 | 3.66E11 | 1.13E08 | 0.00E+00
Sm151 o 8.07E13 | 9.18E12 1.77E15 455613 | 8.55E12 | 1.01E15
Sn113+D In-113m 6.46E12 | 1.46E11 1.07E09 3.62E12 | 1.31E11 | 7.24E10
Sn119m [e) 3.24E12 | 1.19E11 5.18E12 1.80E12 | 1.10E11 | 3.08E12
Sn121m+D (Sn121 0.776) 5.12E12 | 4.41E11 3.88E12 2.87E12 | 4.14E11 | 2.56E12
Sn123 [e) 2.05E11 | 4.63E11 3.90E11 1.14E11 | 4.22E11 | 2.77E11
Sn126+D (Sstr}llzg?)’_m) 3.92E11 | 4.13E10 8.40E09 2.25E11 | 3.79E10 | 5.70E09
Sr-85 o 3.11E12 | 3.23E12 2.10E09 2.06E12 | 2.65E12 | 1.43E09
Sr-89 o 1.84E11 | 3.02E11 1.06E11 1.10E11 | 2.67E11 | 8.52E12
Sr-90+D Y-90 9.53E11 | 4.33E10 2.45E11 7.46E11 | 4.06E10 | 1.93E1l1
Ta1l79 o 5.00E13 | 2.05E12 7.81E11 27913 | 1.79E12 | 5.21F11
Ta180 (o) 6.44E12 | 7.25E11 2.17E09 3.61E12 | 6.51FE11 | 1.47E09
Ta182 o 1.15E11 | 3.74E11 5.64E09 6.48E12 | 3.35E11 | 3.83E09
Th-157 o 2.70E13 | 3.20E12 4.45E12 1.52E13 | 2.89E12 | 2.92E12
Tb-158 [e) 6.99E12 | 1.71E10 3.36E09 4.03E12 | 1.39E10 | 2.28E09
Th-160 o 1.27E11 | 3.00E11 4.87E09 7.07E12 | 2.68E11 | 3.32E09
Tc-95m+D (Tc-95 0.04) 2.54E12 | 4.60E12 2.94E09 1.53E12 | 3.82E12 | 1.99E09
Tc-97 o 3.89E13 | 4.81E12 1.66E12 2.25E13 | 4.51E12 | 9.21E13
Tc-97m o 3.44E12 | 1.44E11 2.73E12 1.96E12 | 1.33E11 | 1.67E12
Tc-98 o 1.01E11 | 1.24E10 6.01E09 5.96E12 | 1.10E10 | 4.09E09
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Table A-10 (Cont.)

FGR 13 Morbidity Risk Coefficients

FGR 13 Mortality Risk Coefficients

Air Air
Submersion Submersion
Associated Progeny| Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation | (risk/yr per

Radionuclidé Radionuclide’ (risk/pCi) | (risk/pCi) pCi/nm?) (risk/pCi) | (risk/pCi) pCi/nm?)
Tc-99 o 4.00E12 | 3.81E11 4.34E13 228612 | 3.58E11 | 3.95E13
Te-121m+D (Te-121 0.886) 1.03E11 | 2.19E11 2.91E09 6.85E12 | 1.93E11 | 1.97E09
Te-123 o 5.11E12 | 1.19E11 1.13E11 4.37E12 | 1.04E11 | 6.82E12
Te-123m o 5.66E12 | 1.78E11 5.31E10 3.60E12 | 1.63E11 | 3.60E10
Te-125m o 4.70E12 | 1.45E11 2.50E11 2.78E12 | 1.34E11 | 154E11
Te-127m+D (Te-127 0.976) 1.34E11 | 3.53E11 2.99E11 8.32E12 | 3.23E11 | 2.03E1l1
Te-129m+D (Te-129 0.65) 2.22E11 | 3.01E11 2.91E10 1.26E11 | 2.66E11 | 1.98E10

Ra224, Rn220,

Po216, Pb212,
Th-228+D Bi-212, (Pe212 4.22E10 | 1.44E07 7.19E09 2.58E10 | 1.37E07 | 4.89E09

0.6407), (T4208

0.3593)

Ra225,Ac-225,

Fr-221, At217, B
Th-229+D 213, (Pe213 0.9784), | 7.16E10 | 2.30E07 1.26E09 473610 | 2.17E07 | 8.53E10

(T1-209 0.0216),

Pb-209
Th-230 o 1.19E10 | 3.40E08 1.31E12 7.99E11 | 2.68E08 | 8.71E13
Th-232 o 1.33E10 | 4.33E08 6.25E13 9.07E11 | 4.07E08 | 4.10E13
Ti-44+D Sc44 3.86E11 | 3.42E10 9.68E09 2.27E11 | 3.07E10 | 6.57E09
TI-204 o 8.25E12 | 6.07E1l1 5.66E12 4.96E12 | 5.66E11 | 4.27E12
Tm-170 o 1.31E11 | 3.33E11 1.88E11 7.25E12 | 3.04E11 | 1.32E11
Tm-171 o 1.02E12 | 4.37E12 1.53E12 5.70E13 | 4.03E12 | 1.02E12
U-232 o 3.85E10 | 9.25E08 1.01E12 2.67E10 | 8.77E08 | 6.61E13
U-233 o 9.69E11 | 2.83E08 1.27E12 6.25E11 | 2.69E08 | 8.45E13
U-234 o 9.55E11 | 2.78E08 5.10E13 6.14E11 | 2.64E08 | 3.26E13
U-235+D Th-231 9.76E11 | 2.50E08 6.33E10 6.17E11 | 2.38E08 | 4.29E10
U-236 o 9.03E11 | 2.58E08 3.12E13 5.81E11 | 2.45E08 | 1.94E13

Th-234, (Pa234m
U-238+D 0.998), (Pa234 1.21E10 | 2.36E08 1.22E10 7.47E11 | 2.25E08 | 8.46E11

0.0033)
V-49 o 1.79E13 | 2.82E13 0.00E+00 | 9.92E14 | 2.51E13 | 0.00E+00
W-181 o 5.70E13 | 1.07E12 1.01E10 3.23E13 | 9.14E13 | 6.75E11
W-185 o 4.29E12 | 1.36E11 9.29E13 2.38E12 | 1.26E11 | 7.95E13
W-188+D Re-188 2.76E11 | 5.78E11 2.58E10 1.50E11 | 5.22E11 | 1.77E10
Xe-127 o -1¢ -1¢ 1.04E09 -1¢ -1¢ 7.02E10
Y-88 o 5.85E12 | 2.03E11 1.23E08 3.43E12 | 1.48E11 | 8.37E09
Y-91 o 2.35E11 | 3.36E11 2.70E11 1.30E11 | 2.98E11 | 1.97E11
Yb-169 o 5.85E12 | 1.08E11 1.02E09 3.256E12 | 9.66E12 | 6.87E10
Zn-65 o 1.54E11 | 7.59E12 2.57E09 1.04E11 | 6.14E12 | 1.75E09
Zr-88 o 2.1812 | 1.35E11 1.62E09 1.32E12 | 1.12E11 | 1.10E09
Zr-93 o 1.44E12 | 1.52E11 0.00E+00 | 1.05E12 | 1.41E11 | 0.00E+00
Zr-95+D (Nb-95m 0.007) 6.63E12 | 2.11E11 3.17E09 3.76E12 | 1.87E11 | 2.15E09

& Risk coefficients for entries labeled by fi+D0 are aggregated risk coefficients of a principal radionuclide together with
the associated decay chain progenies.

b The associated progenies are listed. If a branching fraction is anything other thatisted song with the
radionuclide in the bracket.

¢ Indicates there is no associated radionuclide.
4 fi-10 indicates no value listed in FGR 13. For risk calculation, a value of 0 is used in the RESRAD family of codes.
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Table A-11 Default Ingestion, Inhalation, and Air Submersion Slope Factors for at least 3Day
Half-life Radionuclides from DCFPAK3.02 in RESRADBUILD Code

DCFPAKS.02 Morbidity Risk

DCFPAK3.02 Mortality Risk

Coefficients Coefficients
Air Air
Submersion Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per

Radionuclidé | Associated Decay Chail (risk/pCi) | (risk/pCi) | pCi/m3) | (risk/pCi) | (risk/pCi) | pCi/m3)

(Th-227 9.8620ED1),

(Ra2231.0000E+00),

(Rn-219 1.0000E+00),

Po-215, Ph211, Bi211,
Ac-227+D (TI-207 9.9724ED1), 6.54E10 | 2.13607 | 1.73E09 | 4.45E10 | 2.02E07 | 1.17E09

(Po-211 2.7600ED3),

(Fr-223 1.3800ED2),

(At-219 8.2800ED7),

(Bi-215 8.2800ED7)
Ag-105 o° 2.46E12 | 3.15E12 | 2.07E09 1.46E12 | 2.62E12 1.40E09
Ag-108m+D | (Ag-108 8.7000ED2) 1.11E11 | 1.05E10 | 6.78E09 | 7.07E12 | 9.03E11 | 4.60E09
Ag-110m+D | (Ag-110 1.3600ED2) 1.39E11 | 4.55E11 1.20E08 | 8.62E12 | 3.85E11 8.18E09
Al-26 o 2.48E11 | 2.90E10 | 1.21E08 | 1.42E11 | 2.60E10 | 8.24E09
Am-241 () 1.34E10 | 3.77E08 | 5.80E11 | 9.43E11 | 3.34E08 | 3.86E11
AM-242m+D ggggggfé?g%) (NP | 9 00E11 | 343608 | 6.20E11 | 6.81E11 | 2.68608 | 4.21E11
Am-243+D | Np-239 1.42E10 | 3.70E08 | 8.38E10 | 9.86E11 | 3.17E08 | 5.67E10
Ar-37 o -1¢ -1d -1¢ -1¢ -1¢ -1¢
Ar-39 () -1¢ -1¢ 1.94E12 -1¢ -1¢ 1.70E12
Ar-42 K-42 1.74E12 | 1.24E12 1.33E09 1.22E12 | 1.09E12 9.11E10
As-73 o 2.29E12 | 4.99E12 1.32E11 1.29E12 | 4.55E12 8.78E12
Au-195 o 2.26E12 | 6.62E12 | 2.38E10 | 1.26E12 | 5.96E12 1.60E10
Ba-133 o 9.47E12 | 3.29E11 1.50E09 | 6.44E12 | 2.90E11 1.02E09
Be-10 () 1.03E11 | 9.40E11 | 2.37E12 | 5.77E12 | 8.80E11 | 2.09E12
Be-7 o 1.21E13 | 2.15E13 | 2.07E10 | 7.14E14 | 1.72E13 1.40E10
Bi-207 o 8.25E12 | 1.10E10 | 6.61E09 | 4.70E12 | 9.62E11 | 4.49E09
Bi-208 o 5.40E12 | 9.95E11 1.28E08 | 3.17E12 | 8.29E11 8.77E09
Bi-210m+D | TI-206 7.77E11 | 2.92E08 1.07E09 | 4.48E11 | 2.77E08 | 7.25E10
Bk-247 () 1.61E10 | 4.81E08 | 5.47E10 | 1.19E10 | 3.96E08 | 3.70E10
Bk-249+D (Am-245 1.45E05) 1.56E12 | 1.19E10 1.31E14 | 9.40E13 | 9.80F11 1.00E14
C-14 o 2.00E12 | 1.69E11 | 4.29E14 | 1.36E12 | 1.59E11 3.77E14
Ca4l o 5.11E13 | 5.92E13 | 0.00E+00 | 4.51E13 | 5.51E13 | 0.00E+00
Ca45 o 3.36E12 | 1.28E11 | 2.29E13 | 2.32E12 | 1.19E11 2.08E13
Cd-109 () 6.70E12 | 2.19E11 | 1.85E11 | 4.22E12 | 2.02E11 | 1.17E11
Cd113 o 2.88E11 | 1.11E10 | 3.78E13 | 2.01E11 | 7.99E11 3.43E13
Cd113m o 3.67E11 | 1.32E10 1.75E12 | 2.51E11 | 9.40E11 1.49E12
Cd-115m+D | (In-115m1.06E04) 2.45E11 | 2.91E11 1.55E10 | 1.39E11 | 2.56E11 1.07E10
Ce139 o 1.97E12 | 6.92E12 | 543E10 | 1.10E12 | 6.21E12 3.67E10
Cel41 () 6.81E12 | 1.35E11 | 2.80E10 | 3.77E12 | 1.22E11 | 1.90E10
Ce144+D ggﬁjﬁg?ﬁgggé) 5.19E11 | 1.80E10 | 2.33E10 | 2.87E1l | 1.66E10 | 1.62E10
Cf-248 o 6.25E11 | 2.56E08 1.81E12 | 3.81E11 | 2.43E08 1.20E12
Cf-249 () 1.63E10 | 4.85E08 | 1.33E09 | 1.21E10 | 4.00E08 | 9.01E10
Cf-250 () 1.15610 | 3.74E08 | 4.53E11 | 8.21E11 | 3.54E08 | 3.08E11
Cf-251 o 1.69E10 | 4.92E08 | 4.39E10 | 1.25E10 | 4.07E08 | 2.97E10
Cf-252 () 1.82E10 | 4.44E08 | 2.09E09 | 1.14E10 | 4.22E08 | 1.43E09
Cf-254 o 3.06E09 | 1.52E07 | 7.74E08 | 1.74E09 | 1.44E07 | 5.27E08
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Coefficients Coefficients
Air Air
Submersior Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per

Radionuclidé | Associated Decay Chail (risk/pCi) | (risk/pCi) | pCi/m3) | (risk/pCi) | (risk/pCi) | pCi/m3)
Cl-36 () 4.44E12 | 1.01E10 | 3.46E12 | 2.93E12 | 9.55E11 | 2.88E12
Cm241 o 7.18E12 | 1.22E10 1.97E09 | 4.03E12 | 1.15E10 1.33E09
Cm242 o 5.47E11 | 2.01E08 | 2.94E13 | 3.20E11 | 1.91E08 1.70E13
Cm-243 o 1.24E10 | 3.68E08 | 4.87E10 | 8.55E11 | 3.47E08 | 3.29E10
Cm244 o 1.08610 | 3.55E08 | 3.15E13 | 7.47E11 | 3.36E08 1.89E13
Cm-245 () 1.35610 | 3.81E08 | 3.62E10 | 9.55E11 | 3.25E08 | 2.45E10
Cm-246 o 1.33E10 | 3.81E08 1.68E11 | 9.40E11 | 3.28E08 1.14E11
Cm247+D | Pu243 1.30E10 | 3.49E08 | 1.37E09 | 9.07E11 | 2.90E08 | 9.31E10
Cm-248 o 5.96£10 | 1.44E07 | 6.03E09 | 4.07E10 | 1.12E07 | 4.10E09

(Pu-246 0.18), (Am
Cm-250+D | 246m 0.18), (BK250 4.33E09 | 9.88E07 | 6.23E08 | 2.94E09 | 7.73E07 | 4.25E08

0.08)
Co-56 () 1.42E11 | 2.52E11 | 1.67E08 | 8.62E12 | 2.09E11 | 1.14EO08
Co-57 o 149E12 | 3.74E12 | 454E10 | 8.99E13 | 3.24E12 3.07E10
Co-58 o 4.14E12 | 7.92E12 | 4.17E09 | 2.52E12 | 6.66E12 2.84E09
Co-60 o 2.23E11 | 1.01E10 1.12E08 1.44E11 | 8.62E11 7.65E09
Cs134 o 51811 | 6.99E11 | 6.63E09 | 3.54E11 | 6.14E11 | 4.51E09
Cs135 () 7.81E12 | 3.36E11 | 3.26E13 | 5.25E12 | 3.16E11 | 2.98E13
Cs137+D (Bar137m 9.4399ED1) 3.74E11 | 1.13E10 | 2.38E09 | 2.55E11 | 1.03E10 1.62E09
Dy-154 o 4.22E11 | 1.31E08 | 0.00E+00 | 2.83E11 | 1.24E08 | 0.00E+00
Dy-159 o 7.92E13 | 1.73E12 | 8.39E11 | 4.44E13 | 1.51E12 5.52E11
Es254+D ggﬂfgg igggggg};) 7.93E11 | 2.50E08 | 3.94E09 | 4.71E11 | 2.46E08 | 2.68E09
Es255+D E)F.gg)255 0.92), (BK51 | 637811 | 161808 | 3.55E11 | 3.56E11 | 1.53E08 | 2.38E11
Eu-148 o 6.14E12 | 1.28E11 | 9.46E09 | 3.58E12 | 9.47E12 6.42E09
Eu-149 o 1.28E12 | 1.73E12 1.82E10 | 7.14E13 | 1.47E12 1.23E10
Eu-150 () 5.62E12 | 2.72E10 | 6.48E09 | 3.38E12 | 2.11E10 | 4.40E09
Eu-152 o 8.32E12 | 1.91E10 | 5.06E09 | 4.81E12 | 1.52E10 | 3.43E09
Eu-154 () 1.42E11 | 2.06E10 | 5.44E09 | 8.07E12 | 1.69E10 | 3.70E09
Eu-155 o 2.83E12 | 1.92E11 19310 | 1.58E12 | 1.76E11 1.30E10
Fe-55 o 1.16E12 | 14812 | 6.11E19 | 8.84E13 | 1.22E12 | 4.12E19
Fe59 () 1.11E11 | 1.47E11 | 5.30E09 | 7.07E12 | 1.29E11 | 3.61E09
Fe-60+D Co-60m 2.49E10 | 3.85E10 1.81E11 1.91E10 | 3.02E10 1.22E11

(Cf-253 0.9979),
Fm-257+D (Es-253 0.9948), 127610 | 4.41E08 | 5.55E10 | 7.23E11 | 4.19E08 | 3.76E10

(Cm-249 0.0031)
Gd-146+D Eu-146 1.33E11 | 2.82E11 1.12E08 | 7.52E12 | 2.45E11 7.60E09
Gd-148 o 5.44E11 | 1.52E08 | 0.00E+00 | 3.96E11 | 1.44E08 | 0.00E+00
Gd-150 () 4.88E11 | 1.23E08 | 0.00E+00 | 3.60E11 | 1.16E08 | 0.00E+00
Gd-151 o 1.91E12 | 4.37E12 1.91E10 | 1.06E12 | 3.88E12 1.28E10
Gd-152 o 3.85E11 | 9.10E09 | 0.00E+00 | 2.83E11 | 8.14E09 | 0.00E+00
Gd-153 o 2.22E12 | 8.58E12 | 2.72E10 | 1.24E12 | 7.73E12 1.82E10
Ge68+D Ga68 1.02E11 | 1.04E10 | 3.98E09 | 5.86E12 | 9.63E11 | 2.71E09
H-3 () 1.44E13 | 8.47E13 | 0.00E+00 | 9.80E14 | 7.81E13 | 0.00E+00
Hf-172+D Lu-172m Lul72 1.54E11 | 9.15E11 | 8.70E09 | 8.84E12 | 8.01F11 5.91E09
Hf-174 o 7.99E11 | 1.01E08 | 0.00E+00 | 5.59E11 | 9.55E09 | 0.00E+00
Hf-175 o 2.77E12 | 5.25E12 | 1.35E09 | 156E12 | 451E12 | 9.19E10
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Coefficients Coefficients
Air Air
Submersior Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per
Radionuclidé | Associated Decay Chail (risk/pCi) | (risk/pCi) | pCi/m3) | (risk/pCi) | (risk/pCi) | pCi/m3)
Hf-178m o 1.72E11 | 3.24E10 9.10E09 1.04E11 | 2.59E10 6.18E09
Hf-181 o 9.32E12 | 2.13E11 2.15E09 5.22E12 | 1.92E11 1.46E09
Hf-182 o 6.36612 | 3.29E10 | 9.60E10 | 4.40E12 | 2.74E10 | 6.50E10
Hg-194+D | Au-194 1.07E10 | 7.51FE11 | 4.53E09 | 7.38E11 | 6.23E11 | 3.07E09
Hg-203 o 7.62E12 | 2.45E11 9.59E10 | 5.07E12 | 2.20E11 6.50E10
Ho-163 o 2.63E14 | 1.20E12 | 0.00E+00 | 1.52E14 | 9.06E13 | 0.00E+00
Ho-166m o 1.18E11 | 7.66E10 6.83E09 7.03E12 | 5.81E10 | 4.63E09
1-125 o 3.45E11 | 2.78E11 2.84E11 3.59E12 | 2.88E12 1.74E11
1-129 o 1.97E10 | 1.64E10 | 2.20E11 | 2.01E11 | 2.27E11 | 1.38E1l1l
In-114m+D | (In-114 0.9675 3.64E11 | 5.03E11 3.24E10 | 2.08E11 | 4.48E11 2.21E10
In-115 o 4.33E11 | 4.07E10 1.06E12 3.70E11 | 3.66E10 9.49E13
Ir-192 o 1.07E11 | 241E11 3.36E09 6.03E12 | 2.15E11 2.28E09
Ir-192n o 7.62E12 | 1.57E10 243E12 | 4.37E12 | 1.44E10 1.80E12
Ir-194m o 1.20E11 | 4.37E11 | 9.74E09 | 6.99E12 | 3.81F11 | 6.61E09
K-40 o 3.42E11 | 2.22E10 7.25E10 | 2.17E11 | 2.07E10 | 4.94E10
Kr-81 o -1¢ -1d 3.50E12 -1¢ -1¢ 2.36E12
Kr-85 o -1¢ -1d 1.18E11 -1¢ -1¢ 8.50E12
La-137 o 5.07E13 | 1.42E11 2.38E11 2.92E13 | 1.17E11 151E11
La-138 o 4.96E12 | 3.04E10 | 5.50E09 | 2.99E12 | 2.34E10 | 3.74E09
Lu-173 o 2.80E12 | 1.26E11 5.83E10 15712 | 1.12E11 3.92E10
Lu-174 o 2.27E12 | 1.50E11 | 4.10E10 1.27E12 | 1.36E11 2.77E10
Lu-174m o 5.11E12 | 1.57E11 1.56E10 | 2.82E12 | 1.43E11 1.04E10
Lu-176 o 1.37E11 | 1.77E10 1.90E09 7.73E12 | 1.54E10 1.28E09
Lu-177m+D | (Lu-177 2.1700ED1) 1.46E11 | 5.76E11 | 3.94E09 | 8.17E12 | 5.23E11 | 2.67E09
Mn-53 o 2.22E13 | 9.62E13 | 0.00E+00 | 1.29E13 | 8.88E13 | 0.00E+00
Mn-54 o 3.10E12 | 1.21E11 3.60E09 1.96E12 | 9.88E12 2.45E09
Mo-93 o 3.88E12 | 5.55E12 1.25E12 3.47E12 | 5.22E12 6.95E13
Na-22 o 1.26E11 | 9.73E11 9.56E09 8.66E12 | 8.55E11 6.50E09
Nb-91 o 3.92E13 | 4.99E12 | 7.66E12 | 2.19E13 | 4.66E12 | 5.08E12
Nb-91m o 3.92E12 | 1.46E11 1.12E10 | 2.18E12 | 1.35E11 7.62E11
Nb-92 o 4.59E12 | 7.44E11 6.42E09 2.77E12 | 6.22E11 4.37E09
Nb-93m o 1.22E12 | 6.03E12 2.23E13 6.77E13 | 5.59E12 1.24E13
Nb-94 o 1.11E11 | 1.34E10 6.70E09 6.40E12 | 1.18E10 | 4.55E09
Nb-95 o 3.50E12 | 6.40E12 | 3.28E09 | 2.00E12 | 5.55E12 | 2.23E09
Nd-144 o 3.92E11 | 1.04E08 | 0.00E+00 | 3.02E11 | 9.32E09 | 0.00E+00
Ni-59 o 3.85E13 | 2.39E12 6.48E14 | 2.29E13 | 1.67E12 4.40E14
Ni-63 o 9.69E13 | 5.88E12 | 0.00E+00 | 5.73E13 | 4.11E12 | 0.00E+00
Np-235+D (U-235m 3.9934ED3) 5.47E13 | 2.05E12 2.43E12 3.03E13 | 1.88E12 1.58E12
Np-236+D (Pa232 1.6E3) 1.83E11 | 3.36E09 | 5.11E10 | 1.15E11 | 2.44E09 | 3.45E10
Np-237+D Pa233 9.18E11 | 2.87E08 9.30E10 | 5.82E11 | 2.71E08 6.31E10
0Os185 o 2.62E12 | 5.92E12 | 2.86E09 | 1.53E12 | 4.92E12 | 1.94E09
0s 186 o 1.05610 | 1.2008 | 0.00E+00 | 7.10E11 | 1.14E08 | 0.00E+00
0s194+D Ir-194 3.54E11 | 2.59E10 | 4.07E10 1.98E11 | 2.42E10 2.78E10
Pa231 o 2.26E10 | 7.62E08 | 1.34E10 | 1.59E10 | 5.62E08 | 9.05E11
Pb-202+D (T1-202 9.9000ED1) 4.71E11 | 1.39E10 1.84E09 3.44E11 | 1.29E10 1.25E09
Pb-205 o 8.03E13 | 2.28E12 | 3.08E14 | 6.25E13 | 2.13E12 | 1.85E14
Bi-210, (Hg206 1.9&
Pb-210+D 08), (TF206 1.339ED6) 1.19E09 | 1.63E08 9.22E12 8.62E10 | 1.55E08 7.00E12
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Coefficients Coefficients
Air Air
Submersior Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per

Radionuclidé | Associated Decay Chail (risk/pCi) | (risk/pCi) | pCi/m3) | (risk/pCi) | (risk/pCi) | pCi/m3)
Pd107 o 3.81E13 | 1.75E12 | 0.00E+00 | 2.10E13 | 1.62E12 | 0.00E+00
Pm143 o 1.24E12 | 9.06E12 1.26E09 7.14E13 | 6.92E12 8.56E10
Pm144 o 4.70E12 | 5.51F11 6.52E09 2.74E12 | 4.18E11 4.42E09
Pm145 o 7.58E13 | 1.24E11 | 4.47E11 | 4.33E13 | 1.06E11 | 2.90E11
Pm146 o 5.88£12 | 1.03E10 3.12E09 3.37E12 | 8.18E11 2.11E09
Pm147 o 248E12 | 1.61E11 1.44E13 1.38E12 | 1.50E11 1.27E13
Pm148m+D | (Pm148 4.2000ED2) 1.25E11 | 2.14E11 8.54E09 7.06E12 | 1.86E11 5.81E09
Po-208 o 2.81E09 | 2.26E08 | 8.73E14 | 2.05£09 | 2.15E08 | 5.93E14
Po-209 o 2.79E09 | 2.82E08 | 2.58E11 | 2.04E09 | 2.67E08 | 1.75E11
Po210 o 2.25E09 | 1.45E08 | 4.18E14 1.65E09 | 1.38E08 2.84E14
Pt190 o 4.22E11 | 1.50E08 | 0.00E+00 | 2.57E11 | 1.42E08 | 0.00E+00
Pt193 o 3.55E13 | 1.97E12 1.87E14 1.96E13 | 1.83E12 1.10E14
Pu-236 o 1.00E10 | 2.96E08 | 3.39E13 | 7.03E11 | 2.81E08 | 2.03E13
Pu237 o 9.36E13 | 1.49E12 | 1.61E10 | 5.22E13 | 1.32E12 | 1.09E10
Pu238 o 1.69E10 | 5.22E08 2.56E13 1.29E10 | 4.40E08 1.50E13
Pu239+D (U-235m 9.99408D1) 1.74E10 | 5.55E08 | 3.22E13 | 1.34E10 | 4.66E08 | 2.09E13
Pu-240 o 1.74E10 | 5.55E08 2.52E13 1.34E10 | 4.66E08 1.48E13
Pu241+D (U-237 2.45E05) 2.28E12 | 8.66E10 1.72E14 1.87E12 | 7.33E10 1.16E14
Pu242 o 1.66E10 | 5.25E08 | 5.56E13 | 1.28E10 | 4.44E08 | 3.59E13

U-240, Np240m, (Np
Pu244+D 240 1.10006D3) 1.98E10 | 5.22E08 1.48E09 1.46E10 | 4.40E08 1.01E09

Rn-222, Pe218, (Pb214

9.9980E01), (Bi-214

1.0E+00), (Pe214
Ra226+D 9.9979E01), (TF210 5.15610 | 2.82E08 | 7.74E09 | 3.54E10 | 2.68E08 | 5.27E09

2.1E04), (At218

2.0E04), (Rr218

2.0E07)
R&a?228+D Ac-228 1.43E09 | 4.37E08 3.76E09 1.01E09 | 4.15E08 2.56E09
Rb-83+D (Kr-83m 7.4292E01) 7.07E12 | 5.18612 | 2.02E09 | 4.81E12 | 4.14E12 | 1.38E09
Rb-84 o 1.19E11 | 1.04E11 3.88E09 8.07E12 | 8.92E12 2.64E09
Rb-87 o 7.32E12 | 4.48E11 5.39E13 | 4.92E12 | 4.18E11 4.92E13
Re-183 o 4.74E12 | 1.24E11 | 4.96E10 | 2.77E12 | 1.13E11 3.34E10
Re-184 o 4.40E12 | 8.29E12 3.74E09 2.67E12 | 7.21E12 2.54E09
Re-184m o 6.99E12 | 3.56E11 | 1.52E09 | 4.14E12 | 3.21E11 | 1.03E09
Re186m+D | Re186 1.83E11 | 1.68E10 1.12E10 1.07E11 | 1.57E10 7.60E11
Re-187 o 2.39E14 | 1.10E13 | 0.00E+00 | 1.40E14 | 1.02E13 | 0.00E+00
Rh-101 o 2.86E12 | 1.72E11 1.08&09 1.73E12 | 1.51F11 7.30E10
Rh102 o 8.92E12 | 2.60E11 2.09E09 5.11E12 | 2.32E11 1.43E09
Rh102m o 1.10E11 | 6.66E11 | 9.15E09 | 6.99E12 | 5.51F11 | 6.22E09
Ru-103+D (Rh-103m 0.988 5.27E12 | 1.04E11 2.07E09 2.99E12 | 9.26E12 1.40E09
Ru-106+D Rh-106 6.10E11 | 2.24E10 9.20E10 | 3.45E11 | 2.07E10 6.29E10
S35 o 3.70E12 | 6.51E12 | 4.94E14 | 2.48E12 | 6.03E12 4.39E14
Sh124 o 1.85E11 | 3.20E11 8.30E09 1.06E11 | 2.79E11 5.64E09
Sh125 o 6.21E12 | 4.03E11 | 1.78E09 | 3.77E12 | 3.64E11 | 1.20E09
Sc46 o 8.84E12 | 2.47E11 8.83E09 5.03E12 | 2.14E11 6.00E09
Se75 o 1.06E11 | 4.92E12 1.53E09 7.44E12 | 4.18E12 1.04E09
Se79 o 9.18612 | 1.86E11 | 5.00E14 | 6.36E12 | 1.74E11 | 4.40E14
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Coefficients Coefficients
Air Air
Submersior Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per

Radionuclidé | Associated Decay Chail (risk/pCi) | (risk/pCi) | pCi/m3) | (risk/pCi) | (risk/pCi) | pCi/m3)
Si-32+D P-32 1.75E11 | 3.04E10 1.35E11 1.13E11 | 2.87E10 1.08E11
Sm145 o 1.66E12 | 5.81E12 1.01£10 | 9.29E13 | 4.99E12 6.61E11
Sm146 o 5.22E11 | 1.38E08 | 0.00E+00 | 4.00E11 | 1.24E08 | 0.00E+00
Sm147 o 4.77E11 | 1.26E08 | 0.00E+00 | 3.66E11 | 1.13E08 | 0.00E+00
Sm148 o 4.11E11 | 1.08208 | 0.00E+00 | 3.14E11 | 9.73E09 | 0.00E+00
Sm151 o 8.14E13 | 9.25E12 1.90E15 | 4.59E13 | 8.62E12 1.08E15
Sn113+D In-113m 6.57E12 | 1.48E11 1.08&09 3.67E12 | 1.32E11 7.33E10
Snl119m o 3.30E12 | 1.22E11 6.75E12 1.84E12 | 1.13E11 4.02E12
Sn121m+D | (Sn121 7.7600E01) 5.17E12 | 4.41E11 | 3.90E12 | 2.89E12 | 4.14E11 | 2.58E12
Sn123 o 2.06E11 | 4.66E11 3.91E11 1.14E11 | 4.22E11 2.78E11

Sb-126m, (Sb126
Sn126+D 1.4000E01) 4.00E11 | 4.24E10 | 8.35E09 | 2.27E1l | 3.86E10 | 5.67E09
Sr-85 o 3.05612 | 3.17E12 | 2.05E09 | 2.02E12 | 2.60E12 | 1.39E09
Sr-89 o 1.84E11 | 3.03E11 | 1.06E11 | 1.10E1l | 2.67E11 | 8.56E12
Sr-90+D Y-90 9.53E11 | 4.34E10 2.45E11 7.42E11 | 4.05E10 1.93E11
Tal79 o 4.70E13 | 1.78E12 6.02E11 2.63E13 | 1.56E12 4.02E11
Ta182 o 1.13E11 | 3.70E11 5.63E09 6.33E12 | 3.31E11 3.82E09
Th-157 o 3.03E13 | 3.70E12 8.16E12 1.71E13 | 3.31E12 5.35E12
Th-158 o 6.88E12 | 1.72E10 | 3.39E09 | 3.96E12 | 1.40E10 | 2.30E09
Th-160 o 1.27E11 | 3.02E11 | 4.88E09 7.14E12 | 2.69E11 3.32E09
Tc-95m+D | (Tc-95 3.8800E02) 2.57E12 | 4.63E12 | 2.99E09 | 1.55E12 | 3.86E12 | 2.03E09
Tc-97 o 3.92E13 | 4.81E12 1.62E12 2.26E13 | 4.48E12 9.01E13
Tc-97m o 3.45E12 | 1.45E11 2.69E12 1.96E12 | 1.35E11 1.65E12
Tc-98 o 9.40E12 | 1.18E10 | 6.01E09 | 5.55E12 | 1.04E10 | 4.09E09
Tc-99 o 4.00E12 | 3.81F11 | 4.35E13 2.28E12 | 3.58E11 3.97E13
Te1l21lm+D |(Te-121 8.8600ED1) 1.04E11 | 2.24E11 2.91E09 6.93E12 | 1.96E11 1.97E09
Te-123 o 1.32E12 | 3.08E12 1.95E14 1.18E12 | 2.82E12 1.18E14
Te-123m o 5.62E12 | 1.77E11 5.30E10 | 3.58E12 | 1.63E11 3.59E10
Te-125m o 4.70E12 | 145E11 | 2.50E11 | 2.78E12 | 1.33E11 | 1.54E11
Te-127m+D | (Te-127 9.7600ED1) 1.34E11 | 3.53E11 2.98E11 8.37E12 | 3.24E11 2.02E11
Te-129m+D | (Te-129 6.3000ED1) 2.21E11 | 2.99E11 | 2.93E10 | 1.26E11 | 2.64E11 | 2.01E10

Ra224, Rna220, Pe216,

Pb212, Bi212,(Po-212
Th-228+D 6.4060E01). (TI(-208 4.23E10 | 1.44E07 | 6.78E09 | 2.58E10 | 1.37E07 | 4.62E09

3.5940E01)

Ra225, Ac225, Fr221,

At-217, Bi213, (Pe213
Th-229+D 9.7910E01), Pb209, 7.1710 | 2.29e07 1.22E09 | 4.74E10 | 2.18E07 8.30E10

(T1-209 2.0900ED2)
Th-230 o 1.19E10 | 3.41E08 | 1.34E12 | 8.03E1l1 | 2.67E08 | 8.92E13
Th-232 o 1.33E10 | 4.33E08 6.81E13 9.06E11 | 4.07E08 | 4.48E13
Ti-44+D Sc44 3.86E11 | 3.45E10 9.69E09 2.27E11 | 3.10E10 6.59E09
TI-204 o 8.21E12 | 6.03E11 6.06E12 | 4.96E12 | 5.66E11 4.54E12
Tm-168 o 6.44E12 | 1.85E11 5.16E09 3.65E12 | 1.61E11 3.50E09
Tm-170 o 1.29E11 | 3.27E11 | 151E11 | 7.18E12 | 2.99E11 | 1.07Ell
Tm-171 o 1.02E12 | 4.33E12 1.46E12 5.66E13 | 4.03E12 9.72E13
U-232 o 3.85E10 | 9.25E08 | 9.25E13 | 2.66E10 | 8.77E08 | 6.05E13
U-233 o 9.69E11 | 2.83E08 | 9.38E13 | 6.25E11 | 2.69E08 | 6.25E13
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Table A-11 (Cont.)

DCFPAKS3.02 Morbidity Risk DCFPAK3.02 Mortality Risk
Coefficients Coefficients
Air Air
Submersior Submersion
Principal Ingestion | Inhalation | (risk/yr per | Ingestion | Inhalation| (risk/yr per
Radionuclidé | Associated Decay Chd&il (risk/pCi) | (risk/pCi) pCi/m3) | (risk/pCi) | (risk/pCi) pCi/m3)
U-234 o 9.55F11 | 2.78E08 | 5.13E13 | 6.14F11 | 2.64E08 | 3.28E13
U-235+D Th-231 9.76E11 | 2.50E08 | 6.71E10 | 6.21E11 | 2.37E08 | 4.54E10
U-236 o 8.99E11 | 2.57E08 | 3.06E13 | 5.77E11 | 2.44E08 | 1.90E13

Th-234, Pa234m, (Pa

U-238+D 234 1.6000D3) 1.20E10 | 2.37E08 | 1.28E10 | 7.46E11 | 2.25E08 | 8.85E11
V-49 o 1.77E13 | 2.80E13 | 0.00E+00 | 9.84E14 | 2.49E13 | 0.00E+00
V-50 o 7.95E12 | 9.51E11 | 6.52E09 | 5.36E12 | 7.14E11 | 4.44E09
W-181 o 6.51E13 | 1.13E12 | 9.99E11 | 3.69E13 | 9.73E13 | 6.68E11
W-185 o 4.29E12 | 1.37E11 | 9.14E13 | 2.38E12 | 1.26E11 | 7.86E13
W-188+D Re-188 2.75E11 | 5.81E11 | 2.72E10 | 1.49E11 | 5.26E11 | 1.86E10
Xe-127 o -1¢ -1¢ 1.04E09 -1¢ -1¢ 7.02E10
Y-88 o 5.88E12 | 2.04E11 | 1.24E08 | 3.43E12 | 1.48E11 | 8.38E09
Y-91 o 2.36E11 | 3.36E11 | 2.48E11 | 1.30E11 | 2.98E11 | 1.82E1l
Yb-169 o 6.81E12 | 1.24E11 | 1.07E09 | 3.81E12 | 1.11E11 | 7.18E10
Zn-65 o 153E11 | 7.55E12 | 2.56E09 | 1.04E11 | 6.10E12 | 1.74E09
Zr-88 o 2.15E12 | 1.34E11 | 1.58E09 | 1.30E12 | 1.12E11 | 1.07E09
Zr-93 o 1.41E12 | 1.46E11 | 7.52E18 | 1.02E12 | 1.35E11 | 7.52E18

& Risk coefficients for entries labeled by fi+D0o are aggregated risk coefficients of a principal radionuclide together witr
the associated decay chain progenies.

The associated progenies are listed. If a branching fraction is anything other than 1, it is listed along with the
radionuclide in the bracket.

¢ Indicates there is nassociated radionuclide.

4 f-10 indicates no value listed in DCFPAK3.02. For risk calculation, a value of 0 is used in the RESRAD family of
codes.

For the purpose of computing the risk coefficients, it is assumed the concentration of the
radionuclide in the environmental medium remains constanthetdll persons in the
population are exposed to that environmental medium throughout their lifetimessk
coefficients are derived using the age and gender distributions of a hypothetical closed
fistationaryo population. The population is referred to as fistationaryo because the gender-specific
birth rates and survival functions are assumed to remaariant over time. Risk coefficient
estimatesnvolve the use of (1) arga-dependent orgaspecific cancer risk modéhe ageat
exposure groups considered in the models &eyBars, 1019 years, 2029 years, 3039 years,
and 40+ yeajswhich is an bsolute risk model or a relative risk model for 14 cancer sites;
(2) age-specific biokinetic and dosimetric mode(8) U.S. decennial life tables and the cancer
mortality/morbidity data for the same period; ga)iage- and gendedependent usage of
contaninated media.

For each type of cancer, values for lifetime risk per oingtbsorbed dose were used to
convert the absorbed dose rates th@lifetime cancer risk as a function of age. This calculation
involves the absorbed dose as a function of aggjiiredependent intake of radionuclides, and
the populationds survival function. The survival function is the age-dependent probability that a
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person will die at a particular age. It was assumed that the radiation dose to the population does
not significantly alter the survival function.

Age- and gendespecific radiation risk models were taken from the EPA report,
Estimating Radiological Cancer Riskshich was based on data from Japanese atomic bomb
survivors as well as other study groups (EPA 1988A also published an update on the dose to
risk conversion coefficients iRadiogenic Cancer Risk Models and Projectitorghe
U.S.Population(EPA 2011).

FigureA-1 shows the steps involved in estimating risk coefficients. A total risk
coefficient is derned by first adding the risk estimates for the different cancer sites in each
gender and then calculating a weighted mean of the coefficients for males and females.

Cancer risk coefficients

from epidemiologic studies; Age-specific biokinetic

e.g.. A-bomb survivors

and dosimetric methods

Risk model coefficients LS. vital statistics
transported to U.S. population and cancer mortality data

2. Absorbed dose rate as a
function of time following a
unit activity intake at each age

I, Lifetime risk per unit

absorbed dose at each age

3. Lifetime risk per umt
activity intake at each age

4. Lifetime cancer risk for a
constant activity concentration

LS. age- and gender-
specific usage data for

environmental medium in environmental medium

5. Risk coefficient: Average
lifetime cancer risk
per unit activity intake

Figure A-1 Steps Involved in Computation of Risk Coefficients
Source:FGR 13 (EPA1999).

A-50



The following are descriptions for each step shown in Figute A

Step 1. Lifetime risk per unit absorbed dose at each ageor each of 14 cancer sites in
the body, radiation risk models are used to calculate gespeeific values for the lifetimesk
per unit absorbed dose received at each age. The cancer sites considered are the esophagus,
stomach, colon, liver, lung, bone, skin, breast, ovary, bladder, kidney, thyroid, red marrow
(leukemia), and residual (all remaining cancer sites cordpiiie computation involves an
integration over age, beginning at the age at which the dose is received, of the product ef the age
specific risk model coefficient and the survival function.

Step 2. Absorbed dose rate as a function of time post acute intake at each dges
step involves using the agpecific biokinetic models to calculate tirdependent inventories of
Activity in various regions of the body following acute intake of a Activity of the
radionuclide. For a given radionuclide and intake mode, this calculation is performed for each of
six fibasico ages at intake: infancy (100 days); 1, 5, 10, and 15 years; and maturity (usually
20years, but 25 years in the biokinetic modelssome elements).

Age-specific dosimetric models are used to convert the calculatedigpendent
regional activities in the body to absorbed dose rates (per unit intake) to radiosensitive tissues as
a function of age at intake and time after intakles@tbed dose rates for intake ages intermediate
to the six basic ages at intake are determined by interpolation.

Step 3. Lifetime cancer risk per unit intake at each agélhis step involves integration
over age of the product of the absorbed dose rageatfar a unit intake at agg, the lifetime
risk per unit absorbed dose received atyagasd the value of the survival function at gge
divided by the value at age The survival function is used to account for the probability that a
person exposedt ageyi is still alive at age to receive the absorbed dose. It assumes the
radiation dose received is low, and it does not change the survival function.

Step 4. Lifetime cancer risk for chronic intake.This step takes into account the
variation in enironmental media usage with age and gender. For each cancer site and each
gender, the lifetime cancer risk for chronic exposure is obtained by integration oyesfage
product of the lifetime cancer risk per unit intake atyagad the expected irka of the
environmental medium at ageThe expected intake at a given age is the product of the usage
rate of the medium and the value of the survival function at that age.

Step 5. Average lifetime cancer risk per unit activity intakeThe average lifethe
cancer risk is calculated by dividing the calculated lifetime cancer risk for chronic intake
calculated in step 4 by the expected lifetime media usage.

The computation of risk coefficients for external exposure involves fewer steps because
agespecificorgan dose rates due to external exposure are not available.
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APPENDIX B:

MODELING THE FATE OF RADIOACTIVITY
IN RESRAD-BUILD 4.0

This appendix describes the specification and modeling of the radioactivity in RESRAD
BUILD considering radiological transformations (both decay and ingrowth); removal of material
from the source; release of removed source material to the air within the dpaifdints
subsequent fate, suspended in the air, deposited on the floor, or ventilated out of the building;
and inadvertent ingestion of the removed source material. The code maintains mass balance of
the source material and the nuclides in this modelkeg for the release of radon. The effect
of releasing the radon isotopes is not considered when computing the concentration of the next
principal radionuclide progeny of the radon parent. All variables in this appendix are in the MKS
system of units ungs otherwise noted.

B.1 INITIAL RADIOACTIVITY OF RADIONUCLIDES IN EACH SOURCE TYPE

The initial radioactivity of the radionuclides is specified on a different basis in each of the
four types of sources as shown in row JableB-1. These are multiplied in the computational
code by the inputs that quantify the extent of the source (row 4) to obtain the initial quantity of
radioactivity in the source (row 5).

Table B-1 Specification and Computation of Radioactivity in Source

SourceType Volume Area Line Point
Radionuclides H All but 3H All All All
Specification of 6 o} o} 0
initial radioactivity Activity/g Activity/m?  Activity/m Activity
Specification of Area,0 Area,0 Length,0 T
extent of source  Wet Thicknessy Thickness;Y Ord ho

Dry bulk density,” 0 00
Initial quantity of O 06%Y”6 O 066 O 06 O 6

radioactivity

B.2 REMOVAL AND DISPOSITION OF MATERIAL FROM SOURCE

The code models the removal and disposition of the material removed from the source.
The removal of solid material from the source is modeled as occurring at a constant rate over one
or more removal intervals; the number intervals depends on the sougcd lygpremoval of
water associated with vaporizable tritiutH, is modeled as described$ectionB.3.3with the
rate of removal varying continuously over time. Part or all of the solid material that is removed
can be modeled as becoming airborne. The transient model that is used to describe the fate of the



material that is released to the air is develdptat in this chapter. The material that is removed

from the source, but does not become airborne, is assumed to be removed from the building
continuously as it is generated, unless it is inadvertently ingested by receptors occupying the
same room as th@srce. Figure BL depicts the disposition of source material over time. All the
water that evaporates from a tritium source is modeled as being released to the air.

Radionuclidespecific inputs and modeling apply only*s, 22Rn, anc??’Rn. Thus,
radiological transformations affect the concentration of the radionuclides in the same manner
regardless of whether the source material is still intact in the source or whether it has been
removed from the source and released to the air. The modeling of rachbtognsformations
can therefore be independent of the modeling of the fate and disposition of the source material.
This is reflected in Figure& by the shading in the figure along the time axis; the shading at any
time is the same across the four dsiions shown: released to air, inadvertently ingested,
removed from building, and remaiimssitu.

Figure B-1 Disposition of Source Material with Time

B.3 PHYSICAL REMOVAL OF THE SOURCE MATERIAL

The manner in which the pbigal removal of the source material is modeled depends on
the source type and is summarized ableB-2.
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TableB-2 Characterizing the Removalof Source Material

SourceType Volume Area Line Point
Radionuclides Vaporizable’H All but vaporizabléH Al All All
Specification of Erosion rater Erosion rate;y Fraction removed,
removal Wet zone thicknesd, m Thickness;Y 0

Dry zone thicknessy m for each regioni Start timep
Water content;- Index of region that is End time,0
Vaporizable water fractiorf) contaminatedy for each removal phase,
Humidity, 0
Diffusion coefficient of water in the
pore space)
Conditions 0 0 0
T A pn
Q p
Rate of removal 1 0 i - i 0
06 0 Y o 0
. o
=Y n qO; —0 Y m
0 —
Time interval of SN =Y mo oYy mYn "y Y 0 0 0
removal, release tc 0 0 o0 — 0 —
air and inadvertent < - -
ingestion

Rate of release to
air

-
o
f=)
-
S
-

B.3.1 Physical Removal from Point Line, and Area Sources

The physical removal of material from an area, line, or point source is modeled as
occurring over up to ten distinct time intervals. The rate of removal is constant over each
removal interval, but each interval can have its own removal rate. The starictiches of each
removal interval and the fraction removed during that interval are specified by the user. The
removal of source material over each time interval is modeled as being at a constant rate,
given by the expression

. 0
i s ; (B.1)
where:
i = rate of removal of the source material duringdtiéremoval interval,
0 = fraction of source material removedring the&™ removal interval,
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where:

1 =rate ofremoval of the source material as a fraction of the initial quantity of

source material,

Py,

= rate of removal of the source material in mass per unit time,

- =rate of erosion of the contaminated regiaof the source

'Y =thickness of the contaminated regioaf the source

O = area of the volume source

= dry bulk density of the contaminated region of the volume source

B.3.3 Physical Removalof Water from Tritium Volume Sources

The release and exposurdritiated water vapor is detailed in Appendix F. This section
summarizes the removal of tritiudt, from a volume source. The removal of trititd, from a
volume source is modeled as having two components, remottltbét is in the form of
vaporizalke 3HHO and the removal 0H that is incorporated and fixed in the source material. A
tritium source can initially have at most two layers, the contaminated layer, also called the wet
layer, and possibly an uncontaminated outer layer, termed the imjtiayeér. The modeling of
the removal ofH that is incorporated or fixed in the source material is similar to that of the
general volume source. The removafldHO is modeled assuming the following:

Textual Description

Mathematical Representation

Watervapor will vaporize into the air in the pore spal
of the wet layer and will be in equilibrium with the
water in the wet layer.

The temperature in the room iS4 XTE_.

0 Ow mngu  py

Yy Jg  qut & P pr
e mnpy 00 &

e
TR

Thewater vapor in the pore space of the wet layer W
diffuse through the dry layer into the room, provided
the humidity in the room is less than the moisture

content of the air in the pore space of the wet layer.

The water contenhithe wet layer will remain constan
at the specified value; the thickness of the wet layer
will decrease as the water diffuses out of the wet lay

The concentration gradient of water vapor actbses
dry layer is constant over the thickness of the dry la
but it varies with time, because the thickness of the
layer decreases and the thickness of the dry layer
increases correspondingly, as moisture is released

the wet layer and into theom.
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where:

0 =concentration of water vapor in the pores of the wet layer of the source (it is
a hard coded value and not an input),

0 = partial pressure of the water vapor in equilibrium with moisttire@m
temperature (it is not an input),

Ow =molecular weight of water (it is not an input),
Y =ideal gas constant (it is not an input),
'Y =temperature in the room or building (it is not an input),
‘0 = humidity in the room or building,
0 =fraction of water in the tritium source that is vaporizable,
n 0 =flux of water evaporating from the tritium source into the room,
'Y 0 =thickness of the dry layer in the tritium source,
— =volumetric water content in the wet layer of the tritium source,
” =density of water,
O =area of the tritium source,
0O = effective diffusion coefficient of water in the pore space of the tritium source.

Equating the two expressions for thexfof water and integrating with respect to time
yields the expression for the thickness of the dry layer as a function of time. Physical erosion of
the dry layer is not included in this expression because vaporization is assumed to occur much
faster tharphysical erosion. The expression for the flux of water as a function of time is then
obtained using the expression for the thickness of the dry layer. Dividing the expression for the
flux of water by the initial quantity of moisture gives the fractioedgase rate of moisture.

0 o 0

=Y 1 ¥ "
() 0
02 "% Y n (B.4)

-
o-

where:
1 0 = fractional release rate of moisture from the tritium source,

Y 1 =initial thickness of the wet layer in the tritium source.

The release ofaporizableeHHO ceases when the wet zone disappears; at this time, the
thickness of the dry zone equals the sum of the initial thicknesses of the wet and dry zones. The
time over which release of vaporizaBlHO occurs is given by the exgasion






transformation chaiat timeo resulting from an initial unit activity of radionucliden the
sourceusingthe Bateman equation.

2 g 60 (B.6)
with:
o p
o =0 (N | R VT T
o] on +p o 10
where:

0" o =factor at time, to account for the radiological transformations from
radionuclide) to thel" radionuclide in the transformation chain,

6 = the0" coefficient in the expression for th& radionuclide,

_ = transformation constant t¢tie Q™" radionudide in the transformation chain

v The same expression is also used to computiather for radiologicatransformation,
0" ¢, for radionuclides in a branching transformation chain, but the coefficientsyre
computed by summing over all immediate parents ofthradionuclide in the transformation
chain factoring the fraction of each immediate parent ofitheadionuclidethat transforms to
the radionuclide in question. An immediate parent is one that that transforms directly to the
progeny in question, not one that transforms through other intermediate progeny to the progeny
in question.

o Y
o) 3
) Q0 '=—4 aqm 0 ¢ 0
o) 6h 2p o 10
where:
0 = fraction of the transformations of tide™" radionuclide in the transformation

chain that result directly in the formation of thi&radionuclice in the
transformation chain,
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6 = the0" coefficient in the expression for thé& radionuclide,

_ = transformation constant tfie Q™" radionuclide in the transformation chain.

B.4.2 The Factor to Account for PhysicalRemoval

The rates of removal of source material as a fraction of the initial source material from
nonvolume sources, Equation B.1; from volume sources that do not contain vapatizable
Equation B.3; and for vaporizablel from volume sources, Equation B.4, weeveloped in the
preceding sections. The effect of this physical removal of source material on the quantity of
radioactivity in the source is characterized by the factor to account for physical removal

Moo O @

O p 0 o T <EATO 0 0

(B.7)

O p 0 S 5 <EAT 0 0 0

B.4.3 Instantaneous Quantityof Radioactivity as a Function ofTime

Combining Equations B.5, B.6, and B.7 gives the expression for the instantaneous
activity in the source, which is in the form of a sum of exponentials of time and a sum of the
product of time ad the exponentials of time:

DO U 00 G Q0 (B.9)

B.5 TIME -INTEGRATED QUANTITIES OF SOURCE REMAINING IN SITU AND
SOURCE INGESTED

The doses and risks computed by RESRRBIDILD are integrated over the exposure
duration. The integration is preformed analytically, if possible. The-itmegrated value of the
source ingested over the exposure duration is used to compute the exposuliesfrtbmgestion
of the source. The tirmategrated value of the source remainimgituover the exposure
duration is used in the calculation of external exposure from the source, when possible, to keep
run time to a minimum.
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B.5.1 Time Integration of Activity in Source for External Exposure Directly from the
Source and for Exposure from ShoriLived Radon Progeny

The geometric factors for external exposure directly from the source do not change over
time for a point, line, or area source. They may hainge for a volume source depending on the
locations of the receptor and the source, the number of layers in the source, and the erosion rates
of the layers. The external exposure in these cases is proportional to tiadignated activity
in the sourceThe exposure from the three shired progeny of any radon released from the
source is also proportional to the thimeegrated activity of the immediate parent of the radon,
SectionB.7.1

The expression for the instantaneous activity in the soEgretionB.8, can be
integrated over the exposure duration by considering the integral of a single term in the sum

& O wQ QW 06 Q9 QW 0d 00 Q0

The two definite integrals are evaluated usinginiefinite integrals

. Q
0 Q0
and
N . .0 . Q Q 0 p
0Q Q o0 p Q o 0
to get
v e 3 e Q Q 5, Q . Q ‘ p
O W wQ Q0 wo e} 0 — WO 0 —
o0 L0 0 .. 00 0Q
w — O Wwo

The time integrated value of the quantity of radioactivity in the source over the exposure
duration is obtained byumming the above result over the radionuclides in the chain and over the
parts of the release intervals that are within the period of time integration, after ensuring that
each term is computed to the required precision.

B.5.2 Time Integration of Ingested Activity for Direct Ingestion of the Source

Direct ingestion of the source is possible while a portion of the source is being removed.
The rate at which the source is ingested by a receptor is the product of the direct ingestion rate of
the source and éhfraction of time the receptor occupies the room where the source is located.
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YO

Py

where:

i = rate of direct ingestion of the source by receptan,

YO = fraction of time duing which receptotYar) occupies the room where the
source is located,

1 =rate of direct ingestion of the source.

The airborne fraction of the removed material is not available for direct ingestion. The
remainder is available for ingestion by each of the receptors who spend time in the same room as
the source. The rate at which source material from a point, lineg@saurce is available for
ingestion during a removal interval is given by the expression

i p 0

where:

-
1

rate of removal of the source material duringdtieremoval interval,

S
11

source material removetiiring the&™ removal interval that becomes airborne,
expressed as a fraction of the source material that is removed during that interval.

The userspecified ingestion rate applies if there is sufficient material being removed to
fulfill the ingestion by all recepterwho occupy the room where the source is located. If not, the
direct ingestion rate of the point, line, or area source will be limited by the rate of removal,
yielding the expression,

P
]
=)

i ARlGOG 1

where:

it = rate of direct ingestion of the source,

-
1

value the user input for direct ingestion as a fraction of the
initial source material per time,

rate of removal of the source matédaring the&™ removal
interval,

P
1

N = source material removetliring the&™ removal interval that
becomes airborne, expressed as a fraction of the source material
that is removed during that interval,

Y0 = fraction of time during which receptdiYar) occupies the room
where the source is located,
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B Y0 = sum of the fractions of time each receptor spends in the room
where the source is located.

The direct ingestion rate afvolume source is specified on a mass basis. This is divided
by the initial mass of the contaminated layer and checked against the expression for the removal
rate expressed as a fraction of the initial m&ks. direct ingestion rate of a ntmitium volume
source is given by the expression

X e T T N
| AkEldoA -
Yoo B Y0
where:
1 = rate of direct ingestion of source,
[ = user input value fodirect ingestion on the basis of the mass of
source material,
'Y = thickness of the contaminated regipaf the source
O = area of the volume source
= dry bulk density of the contaminated region of the volume
source
1 = rate of renoval of the source material expressed in terms of a
fraction of the initial mass,

0 = source material removedat becomes airborne, expressed as a
fraction of the source material that is removed during that
interval,

Y0 = fraction of time during which receptdivar) occupies the room
where the source is located,
B Y0 = sum of the fractions of time each receptor spends in the room

where the source is located.

Only the norvolatilizable *H is modeled as being ingestible. The direct ingestion rate of
a tritium volume source is given by the expression

< . P | . i p 0
i p 1 AEIAOA
fo” B Y0
where:
0 =fraction of water in the tritium source that is vaporizable.
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The instantaneous rate of ingestion of radioactivity is obtained by combining the initial
activity of the initially present radionuclide, the factor for radiatagtransformations and the
direction ingestion rate expressed in terms of the fraction of the source material

00

Py
CH
=

0 6 YO

where:

O ; 0 = instantaneous rate of ingestion the 0th radionuclide in the transformation
chain of radionuclidé by receptofYor).

Consider the integral of a single term in the sum above

. Q Q
(o 0! Q0 O

The quantity of radioactivity ingested byeceptor over the exposure duration is
obtained by summing the following expression over the portions of the removal intervals that are
within the exposure duration, after ensuring that each term is computed to the required precision:

. . 0 Q
6 ; o Yo 10m & (B.9)

where:

0 = quantity of the 0th radionuclide in the transformation chain of radionuclide

I that is ingested by receptd¥or) over the exposure duration beginning at
timeo.

CR

B.6 FATE OF SOLID SOURCE MATERIAL AND WATER VAPOR RELEASED
TO AIR

The fate of the solid source material and water vapor released to air is computed using a
transient model described in this section. Trhagient model is developed by representing the
processes modeled by rate equations. The fate of the two radon isti®peand???Rn,
released to air and their three sHoréd progeny produced after their release are modeled using
the steadystate mdels described iectionB.7. Except for vaporizable tritiated watéqHO,
the properties used to model release and fate are independent of the radionuclide. Thus, for all
the other cases, the effects of radiological transformation can be modeled detefyeof the
modeling of the fate of the source material released to air. Buildings with up to 9 firoomso or
9 fully mixed air spaces can be modeled using the transient model in RESRIAID
Version4.0. Both an analytical solution and a numerical solutiathe transient model are
included in the code. The analytical solution is limited to simulations that involve buildings with
3 or fewer rooms, releases that are constant over a time intmddbr cases where the system
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of equations described B16.2 have distinct eigen values and unique coefficients for the eigen
vector terms, step 5 &ectionB.6.4 The numerical solutions, which are potentially slower,
model timevarying releases in buildings with up to 9 rooms, provided the time step selected is
appropriate. The code uses the analytical solution when possible unless instructed otherwise.

B.6.1 Rate of Releasdo Air

The computation of the rate of release of source material to air depends on the type of
source and, in the case of a volume source, on whether it contains vaporizable tritiated water.

The rate of release of solid source material from a point, line, arsargce to air is
constant over each release interval and is given by

s . . 0
Q0 Q 1 Q5 :
0 0
where:
1 = rate of release of solid source material to air from souch&ing the
& removal interval,

) = source material removetlring the&x" removal interval that becomes
airborne, expressed as a fraction of the source material that is remowegd du
that interval,

i = rate of removal of the source material duringdtiéremoval interval,
0 = fraction of source material removed during ¢k removal interval,
0 = time at which the&x" removal interval ends,
0 = time at which thex™ removal interval begins.

The rate of release of solid source material from a volume source to air is constant over
time and is given by

100 01 0

100 = rate of release of solid source material to air from source

S
I

eroded sorce materiathat becomes airborne, expressed as a fraction of the
source material that is eroded,

rate of removal of the source material,

P
1

thickness of the contaminated regionof the source

<
I

rate of erosion of the contaminatejion,d, of the source
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The rate of release of solid source material is writbethe temporary file
AAirRelRate#.outo where # is the identification number of the source.

The rate of release of tritiated water from a volume source is equal to tioé rexteoval
of tritiated water from the source. The rate of removal of tritiated water from a volume source is
discussedn SectionB.3.3andis given by Equation B.4.

B.6.2 Description and Mathematical Representationof Process Considered in Transient
Model of the Fate of Source Material

The transient model balances the air flows into and out of each room. It also maintains
mass balance of the source material.

B.6.2.1 Air Flows

1 The model considers air flows in bothalitions between every pair of rooms,
not the net flow between rooms. This is illustrated for a thweened building
in Figure B-2.

 The model consideir flows in both directions between each room and the
outdoors.

1 The model requires user input of air flows between rooms and from each
room to the outdoors. These air flows must each benegative. The air flow
from a room is assumed to have #agne concentration of source material as
the air in that room. These flows directly affect the source material balance.

1 The model ensures flow balance for each room, i.e., sum of inflows = sum of
outflows. Flow from the outdoors into each room is the stioutilows from
that room minus the sum of the inflows to the room from other rooms. Air
flow from the outdoors is assumed not to contain any source material.
Therefore, this flow does not directly affect the particulate balance. Hence, the
choice to maké the variable that is determined by flow balance and eat b
user input. These air flows must also be-negative.
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Figure B-2 Airflows in a Three-Room Building

B.6.2.2 Movement of Source Material
The movement of source material for a threem building is illustrated ikigure B-3.
! The model considers release of source material into the roone Wieesource is located.

- Particulates are modeled as being released at a constant rate over each
release interval.

- Vaporizable moisture is modeled as being released at a raterileat va
continuously with time.

- Radon is modeled as being released at almateepend on the quantity
of the radon parent remaining in the source and the quantity of radon
parent in the source particulateghe air and on the floor.

1 The releaseare modeled as beimgstantaneously fully mixed in the air in the
room of releae.

 The movement of source material with the air flow out of the rooms is
modeled.

- Air flow from a room is assumed t@be the same concentration of source
material as the air in that room.

- Source material that flowed into an adjoining room can subseyutent
back into the room of release.
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